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RÉSUMÉ GÉNÉRAL 
La première partie de ce travail présente une base de données polliniques et 
climatiques actuelles du Canada (>50°N) et du Groenland. Cette base de données 
comprend 400 échantillons de sédiments lacustres de smface et 34 taxons polliniques 
(13 taxons ligneux et 21 taxons herbacés). Des ordinations multidimensionnelles, 
notarrunent une analyse factorielle des correspondances (CA) et une analyse 
canonique des correspondances (CCA) à partir des données polliniques et 
climatiques, ont permis de définir les relations entre les assemblages polliniques et Je 
climat. Les ordinations ont mis en évidence le lien étroit existant entre les 
assemblages polliniques et la température de juillet (r = -0,86) et ont révélé 
1 'ambiguïté de la relation entre les assemblages polliniques et les températures de 
janvier et annuelle et la précipitation annuelle. Deux techniques ont été développées 
pour reconstituer les paléoclimats : la méthode des meilleurs analogues modernes 
(BMA) et une régression issue d'une analyse-factorielle des correspondances (CA). 
Les deux techniques de reconstitutions ont été appliquées aux assemblages 
polliniques du dernier interglaciaire et del 'Holocène de la Terre de Baffin et du 
Groenland. Des tests de validation ont indiqué une erreur d'estimation (RMSE) de la 
température de juillet de ±1,02°C avec la technique BMA et de ±l,98°C avec la 
régression découlant de CA. Sur la Terre de Baffin et au Groenland la variabilité 
interannuelle de la température de juillet est actuellement de ±1,7-1,8°C. Les erreurs 
d'estimation de la température de juillet sont acceptables et les valeurs reconstruites 
présentées dans ce travail sont réalistes. Cependant, les techniques développées 
n'autorisent pas la reconstitution quantitative de la température de janvier et de la 
précipitation annuelle sur la Terre de Baffin et au Groenland. Néanmoins, il est 
possible d'estimer semi-quantitativement leur variation à J'aide de l'analyse 
factorielle de correspondances (CA). 
La seconde partie présente une reconstitution de la végétation et d.u climat de 
l'Holocène et du dernier interglaciaire sur la péninsule de Cumberland de la Tene de 
Baffin. Les séquences sédimentaires étudiées proviennent de trois lacs. L'analyse 
pollinique des ces séquences a d'abord montré que les sédiments interglaciaires 
affichent de très fortes concentrations polliniques et une représentation élevée du 
pollen d'arbustes (Betula et Alnus) par rapport aux sédiments holocènes . Les 
assemblages polliniques du dernier interglaciaire sont comparables aux spectres 
actuels du sud-ouest du ·Groenland. Les résultats révèlent que lors du dernier 
interglaciaire la côte est de la Terre de Baffin abritait une végétaüon dense de toundra 
arbustive alors qu'aujourd'hui une toundra herbacée clairsemée occupe les sols de la 
région . L'application des techniques de reconstitutions paléoclimatiques a ensuite 
montré que la température estivale du dernier interglaciaire était de 4 à 5°C plus 
Xlii 
élevée qu 'actuellement sur la côte est de la Terre de Baffin et sans doute également 
plus chaude que celle de l'Holocène. La température de janvier était également plus 
chaude que l'actuelle et les précipitations annuelles plus abondantes . Le climat du 
demi er interglaciaire était davantage océanique que celui de 1 'Holocène. 
Finalement, la demière partie de ce travail présente une reconstitution du climat de 
part et d 'autre de la baie de Baffin. À partir de relevés polliniques de séquences 
sédimentaires lacustres, nous montrons qu ' au cours des dernières 7000 années, le 
refroidissement estiva] fut davantage prononcé sur la côte sud-ouest du Groenland 
(3,0-3,5°C) que sur la côte est de la Terre de Baffin (0,5-l ,0°C). Ce régionalisme 
dans l'évolution du climat de cette péliade est cohérent avec les relevés marins. En 
effet, la température estivale des masses d'eau de surface a très peu changé dans le 
secteur ouest de la mer du Labrador alors qu'au large, dans la région de la Ride de 
Reykjanes, un refroidissement de plus de 6°C a été enregistré. Ce contraste 
climatique d'ouest en est ainsi que la diminution de son intensité de l'Holocène 
moyen à l'Holocène supérieur suggèrent une diminution de l'influence du flux d'eau 
chaude nord Atlantique sur les conditions hydra-climatiques du sud du Groenland, 
alors que la Terre de Baffin et les marges est canadiennes seraient vraisemblablement 
demeurées sous l'influence des courants fro.ids de Baffin et du Labrador. Les 
résultats soulignent l'étroit lien entre la circulation océanique de surface et le climat 
atmosphérique des marges est canadiennes et du Groenland. Par ai lieurs, 1' abondance 
du pollen de Betula dans les sédiments de la Terre de Baffin et du Groenland depuis 
ca. 5000 ans BP suggère une augmentation de la température de janvier et des 
précipitations annuelles durant l'Holocène supérieur. Ce changement d'humidité 
suggère un changement de régime climatique, plus patticulièrement une influence 
grandissante de l'océan sur le climat côtier de la Terre de Baffin et du Groenland. 
Mots-clés : palynologie, reconstitution climatique, Holocène, dernier interglaciaire, 
région arctique. 
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INTRODUCTION GÉNÉRALE 
Dans une perspective d 'augmentation continue du C02 atmosphérique et autres gaz à 
effet de serre les changements climatiques affecteront en particulier les milieux 
arctiques (Overpeck et al., 1997 ; Rolland et Bitz, 2003 ; Arctic Climate Impact 
Assessment, 2005). Même si certains doutes subsistent (Sen·eze et Francis, 2006) et 
que les simulations climatiques nécessitent d'être corroborées (Foley, 2005), 
l'accélération du réchauffement dans la région arctique apparaît de plus en plus 
vraisemblable (Chapin et al., 2005 ; CAPE Last Interglacial Project Members, 2006) 
et ce, notamment en raison de l'importance de l'albedo du territoire sur le climat 
polaire (Chapin et al., 2005 ; Foley, 2005 ; Serreze et Francis, 2006). Effectivement, 
une diminution de l'étendue de la glace de mer dans l'océan Arctique (Serreze et 
Francis, 2006), une réduction du couvert du neige, un remplacement des plantes 
herbacées par des arbustes ainsi qu'une migration de la limite septentrionale de la 
forêt boréale (Chapin et al., 2005) pourraient amplifier le réchauffement de la région 
arctique en diminuant l'albedo. Il apparaît évident que les processus d'action et de 
rétroaction impliqués dans un changement climatique sont complexes. Le système 
climatique est un énorme réservoir dans lequel de la matière, de 1' énergie et de la 
quantité de mouvement sont emmagasinées, continuellement transformées et 
inégalement redistribuées (Berger, 1983). 
Nous croyons que la végétation à la frontière des zones bioclimatiques est susceptible 
de réagir plus fortement à un changement climatique, car il s'agit de régions où un 
faible changement climatique engendre parfois un changement important dans la 
végétation (Barbour et aL, 1998). Il nous semble essentiel de comprendre la 
végétation et le climat du passé, et les mécanismes qui régissent leur évolution, afin 
d'envisager le plus objectivement possible les conséquences de changements 
climatiques sur la végétation parce que l'équilibre entre la végétation et le climat est 
complexe (Prentice, 1986; Ritchie, 1986; Webb, 1986). Outre le climat, plusieurs 
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agents peuvent être la cause d'un changement de végétation: par exemple la 
succession, la migration, l'évolution, la compétition entre espèces et les conditions 
édaphiques locales (Webb, 1986). Il est très difficile d'identifier un seul responsable. 
Par ailleurs, des seuils écologiques peuvent être franchis lors de changements 
climatiques et engendrer une modification de la végétation tout à fait inattendue et 
même irréversible (e.g. Maslin, 2004). 
La réponse de la végétation à un changement climatique peut-être étudiée 
rétrospectivement en analysant les assemblages polliniques fossiles de séquences 
sédimentaires lacustres. Malgré de récentes synthèses paléoenvirormementales ( e.g. 
CAPE Project Members, 2001 ; Bigelow et al., 2003 ; Kaufman et al., 2004), le 
caractère exact des changements de végétation en relation aux variations naturelles du 
climat demeurr mal connu dans 1 'Arctique en général et dans 1' archipel de 1' Arctique 
canadien en particulier parce qu'il a été peu étudié. En effet, dans la littérature 
concernant l'archipel de l'Arctique canadien, il existe peu d'enregistrements 
sporopolliniques présentant une résolution chronologique suffisante pe1mettant de 
bien cerner la dynamique de l'environnement à long et moyen terme. Les principaux 
travaux abordant ce sujet sont ceux de Boulton et al. (1976), Davis, (1980), Mode 
(1980), Hyvarinen (1985), Short et al. (1985), Gajewski (1995), Gajewski et al. 
(1995), Gajewski et al. (2000), Wolfe et al. (2000) et Gajewski et Frappier (2001). 
Objectifs de la thèse 
En se basant sur le potentiel paléoenvironnemental (végétation et climat) des grains 
de pollen et des spores contenus dans les sédiments lacustres arctiques (Gajewski et 
MacDonald, 2004), la présente thèse vise dans un premier temps à bien décrire la 
relation entre les assemblages polliniques modernes et les conditions climatiques 
actuelles. La reconnaissance d'un lien entre les assemblages polliniques et le climat 
est essentielle aux reconstitutions climatiques, car sans relation précise nous ne 
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pounions reconstituer les anciens climats. De plus, l'étude approfondie des données 
modernes facilitera l' interprétation des assemblages polliniques fossiles en termes de 
paléovégétations ainsi que le développement des fonctions de transfert destinées à 
transcrire les assemblages fossiles en termes de paléoclimats (température et 
précipitation). Les fonctions de transfert seront ensuite appliquées aux assemblages 
polliniques holocènes et à ceux du dernier interglaciaire, de la Tene de Baffin et du 
Groenland. 
Le dernier interglaciaire est une période à climat plus chaud que l'actuel et constitue 
de ce fait une période propice à l'étude de changements climatiques (e.g. CAPE Last 
Interglacial Project Members, 2006). La présente thèse vise dans un second temps à 
reconstituer Je climat du dernier interglaciaire sur la Tene de Baffin. La comparaison 
du réchauffement interglaciaire sur la Tene de Baffin avec celui d'autres sites des 
hautes latitudes de l'Hémisphère nord permettra de situer la Tene de Baffin dans une 
perspective circum-arctique. Par la suite, la reconstitution de la végétation 
interglaciaire et sa comparaison avec celle de l'Holocène permettra de préciser 
1' étendue de la toundra herbacée et arbustive sur la Tene de Baffin lors du dernier 
interglaciaire. 
Récemment, une synthèse paléocéanographique, basée sur les assemblages de kystes 
de dinoflagellés, a montré l'existence d'un régionalisme dans l'évolution des 
conditions hydrographiques des masses d'eau de surface du nord-ouest de 
1' Atlantique nord, au cours de l'Holocène (de Vernal et Hill aire-Marcel, 2006). Ce 
régionalisme est marqué par une évolution climatique contrastée entre les marges est 
canadiennes et les environnements plus océaniques de 1' Atlantique central. La 
présente thèse vise dans un dernier temps à vérifier l'existence éventuelle d'un tel 
régionalisme dans l'évolution du climat tenestre au cours de l ' Holocène. À partir de 
relevés polliniques de la côte est de la Tene de Baffin et de la côte sud, sud-ouest du 
Groenland, nous vérifierons si le climat tenestre a évolué de façon unifonne ou pas à 
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travers la baie de Baffin et le détroit de Davis. Cette comparaison permettra de 
définir les liens entre la variabilié du climat atmosphérique et océanique aux latitudes 
subpolaires de l'Atlantique nord. Finalement, il est bon de souligner que 
comparativement à plusieurs études paléoclimatiques ayant précisés de tels liens (e.g. 
Chapman et Shakleton, 2000; Jiang et al. , 2002 ; Moreno et al. , 2005), nous 
utiliserons pour notre comparaison des données climatiques indirectes de même 
nature, i.e. des 'proxies' de nature biologique et livrant des microfossiles à membrane 
organique, soit des palynomorphes tels les kystes de dinoflagellés et les grains de 
pollens. 
Contexte paléoclimatique des périodes à l'étude 
La dernière période interglaciaire sensu lata (ca. 75 000-130 000 ans BP; stade 
isotopique marin S ; MIS S) est considérée comme une période à climat relativement 
chaud. En fait, il s ' agit du seul moment au cours des dernières 250 000 années où les 
températures moyennes planétaires étaient de 0 à 2°C plus chaudes que les actuelles 
(e.g. CLIMAP Project Members, 1984). C'est dans la région circum-arctique que le 
réchauffement fut le plus important. En effet, lors de l'époque la plus chaude du 
dernier interglaciaire, i.e. le dernier interglaciaire sensu stricto (ca. llS 000-130 000 
ans BP, i.e. MIS Se), les températures estivales y étaient sans doute de 4 à soc plus 
chaudes qu'à l' actuel (e.g. NGRIP Members, 2004; CAPE Last Interglacial Project 
Members, 2006). Les températures comparativement plus élevées qu'ailleurs dans la 
région circum-arctique s'expliquent entre autres par une forte insolation estivale lors 
du dernier interglaciaire et sans doute par d'autres mécanismes de rétroaction positive 
sur le climat, principalement ceux affectant 1' albedo, soit une moindre étendue de 
glace de mer dans l'océan Arctique, une réduction du volume de la calotte 
groenlandaise (Otto-Bliesner et al. , 2006 ; Overpeck et al. , 2006) et des autres 
glaciers continentaux de l'Hémisphère Nord, et une limite plus septentrionale de la 
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forêt boréale (CAPE Last Interglacial Project Members, 2006), d:après le pollen et les 
macrorestes végétaux. 
L'Holocène (11 500 ans BP à aujourd'hui) représente l'interglaciaire actuel. Son 
évolution climatique générale se résume comme suit : un réchauffement lors de 
l'Holocène inférieur, suivi d'une période à climat relativement chaud lors de 
l'Holocène moyen (ca. 9000 à 5000 ans BP), et finalement un refroidissement à 
l'Holocène supérieur. Le concept de son uniformité climatique à travers le temps et 
l'espace, jadis accepté, est dorénavant remis en question. En effet, il ressort de 
récentes études paléoclimatiques que le climat holocène évolua différemment au sein 
de la région circum-arctique. Un régionalisme du climat holocène est donc observé et 
il s'illustre notamment par l'asynchronisme du maximum thermique et l'inégalité de 
l'ampleur du refroidissement (e.g. Andersen et al., 2004; Fréchette, 2004; Kau:frnan 
et al., 2004; de Vernal et Hillaire-Marcel, 2006; Kaplan et Wolfe, 2006). 
La forte insolation estivale du début de l'Holocène est la principale cause du 
réchauffement du climat. À l'Holocène inférieur, l'énergie solaire de juin et juillet 
était de 40-50 Watts/m2 plus forte que l'actuelle et celle de septembre et d'octobre, de 
40-50 Watts/m2 plus faible au 60°N de latitude (Berger et Loutre, 1991 ). Depuis 
11 500 ans BP il y a un affaiblissement de l'insolation estivale concomittant à une 
intensification de 1 'insolation hivernale. Le déficit d'insolation qui caractérisait 
l'hiver à 11 500 ans BP, se déplace peu à peu sur l'été avec les années. 
L'affaiblissement de l'insolation estivale depuis ca. 7000 ans BP est considéré 
comme étant un important mécanisme du refroidissement holocène. Le régionalisme 
du climat holocène de la région circum-arctique s'explique par des mécanismes de 
rétroaction provenant de la cryosphère, de l'hydrosphère et de la biosphère (e.g. 
Kaufrnan et al. , 2004). Les mécanismes de rétroaction par les courants océaniques de 
surface, comme par exemple un changement de leur intensité, sont tout 
particulièrement importants pour la compréhension de la dynamique du système 
climatique holocène des latitudes subpolaires de l'Atlantique nord et des terres 
adjacentes (e.g. de Vernal et Hillaire-Marcel, 2006). 
Contexte bioclimatique des sites à l'étude 
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Les sites étudiés proviennent de la péninsule de Cumberland, sur la Terre de Baffin 
(lacs, Amarok, Fog, Brother-of-Fog et Akvaqiak), et de la région du fjord de 
Kobberminebugt, au sud du Groenland (lac Qipisarqo) (Figure 1). Ils sont tous en 
région côtière. Le lac Amarok est légèrement au nord du fjord de Pangnüiung, au 
sud-ouest de la péninsule de Cumberland. Il est situé dans la zone bioclimatique du 
moyen arctique (Young, 1971). De par son altitude (848 m asl), sa végétation locale 
est très clairsemée, et principalement composée de Cassiope tetragona , de Salix 
prostrés, et de lichens. Betula est absent de la flore locale. Les lacs Fog et Brother-
of-Fog, distants d'une quinzaine de kilomètres, sont situés sur la côte est de la 
péninsule de Cumberland. La végétation à proximité de ces deux sites est une 
toundra herbacée, typique de la zone bioclimatique du moyen arctique. Le couvert 
végétal est clairsemé et les quelques plantes ligneuses présentes y sont prostrées. Les 
éricales sont abondantes, spécialement Cassiope tetragona et Empetrum nigrum. 
Betula est aussi absent de la végétation locale. Le lac Akvaqiak est situé à la tête du 
fjord de Kangert, 60 km au sud sud-ouest des lacs Fog et Brother-of-Fog. La 
végétation locale est une toundra arbustive. Des populations isolées et luxuriantes de 
bouleaux arbustifs (Betula glandulosa) tapissent le fond de la vallée. La végétation 
des environs du lac Akvaqiak est caractéristique de la zone bioclimatique du bas 
arctique. A/nus est absent de la flore de la Terre de Baffin. Le lac Qipisarqo, au 
Groenland, est aussi localisé dans la zone bioclimatique du bas arctique. La 
végétation locale est une toundra arbustive modérément luxuriante dominée par le 
bouleau arbustif (Betula glandulosa) et les éricales ( Cassiope, Empetrum, 
Vaccinium). Bien que les aulnes (A/nus crispa) soient absents localement, ils sont 
présents à la tête des fjords de la région (Kaplan et al. , 2002). 
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Le climat de la région à l'étude n'est pas uniforme. Sur une base annuelle, le climat 
de la côte est de la Terre de Baffin est substantiellement différent de celui de la côte 
ouest du Groenland pour une même latitude (Tableau 1). En effet, entre les latitudes 
65 et 70°N, la température moyenne annuelle de l'est de la Terre de Baffin est de-
11,6°C (écart annuel de 29,4°C) (Environnement Canada, 2004) alors que celle de 
l'ouest du Groenland est de -3,5°C (écart annuel de 18,5°C) (Cappelen et al., 2001). 
Au sud du 65°N, au Groenland, la température moyenne annuelle est de -0,9°C (écart 
annuel de 12,9°C) (Cappelen et al. , 2001). Cet important contraste climatique 
observé de part et d'autre de la baie de Baffin et du détroit de Davis s'explique 
principalement par la circulation océanique de surface. Un écoulement d'eau de 
surface froide et de faible salinité, en provenance de l'océan Arctique (le courant de 
Baffin [BLC]), contrôle le climat de la côte est de la Terre de Baffin alors que l' ouest 
du Groenland est plutôt influencé par les eaux relativement chaudes et salées du 
courant ouest groenlandais [WGC], lequel est le résultat du mélange des eaux froides 
du courant est groenlandais [EGC] et des eaux chaudes de la dérive Nord Atlantique 
[NAD] (Figure 1). 
Les précipitations moyennes annuelles enregistrées à travers la région de la baie de 
Baffin et du détroit de Davis sont fortement liées au couvert de glace de mer. Au sud 
du 64°N de latitude le long de la côte ouest groenlandaise, l'eau est parfois libre de 
glace tout au long de l'année alors que cette situation n'est observée qu ' au sud du 
49°N le long des marges est canadiennes (Williams et Bradley, 1985). Cetiaines 
années, il arrive que les eaux bordant la péninsule de Cumberland soient toujours 
englacées à la fin de 1' été. La précipitation moyenne annuelle augmente 
significativement au sud sud-ouest du Groenland (au sud du 62°N) (>800 mm), là où 
les eaux ne sont presque jamais englacées (Tableau 1). Sur la côte est de la Ten·e de 
Baffin, les plus importantes précipitations annuelles sont observées à Cape Dyer A 
(663 mm), un endroit où il y a localement de grands plans d'eau libres de glace durant 
plusieurs mois (Williams et Bradley, 1985). Ailleurs, la précipitation moyenne 
annuelle n'atteint pas 400 mm. 
Organisation de la thèse 
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La reconnaissance du potentiel paléoenvironnemental (paléovégétation et 
paléoclimat) des assemblages polliniques des sédiments lacustres de la région 
Arctique, demande une étude approfondie de la relation entre les assemblages 
polliniques et le climat. L'étude de la relation pollen - climat est tout 
particulièrement essentielle aux reconstitutions climatiques, car sans lien précis nous 
ne pourrions reconstituer les anciens climats. C'est dans l'objectif de mieux cerner la 
relation pollen- climat que nous avons compilé une base de données polliniques 
modernes de 400 sites provenant du C;;mada (>50°N de latitude) et du Groenland. 
Le chapitre I présente la base données. Le texte est rédigé en anglais. Nous 
présentons tout d'abord les résultats de l'analyse de la relation entre les assemblages 
polliniques modernes et les paramètres climatiques (température de janvier, de juillet, 
armuelle, et précipitation annuelle). Cette étude la relation pollen- climat a été faite à 
l'aide d'analyses multidimensionnelles. Deux techniques de reconstitution 
climatique sont par la suite présentées. Il s'agit de la méthode des meilleurs 
analogues modernes et celle d'une régression issue d'une analyse factorielle des 
correspondances. Ces deux techniques sont ensuite appliquées à deux séquences de 
sédiments holocènes. Les deux sites servant d'exemple sont localisés sur la côte est 
de la péninsule de Cumberland, à proximité de la frontière entre les zones 
bioclimatiques du bas et du moyen arctique. Ces deux sites ont permis de tester les 
deux techniques de reconstitution et d'identifier les limites propres à chacune. 
Le chapitre II présente la reconstitution climatique de sédiments holocènes et du 
dernier interglaciaire de la péninsule de Cumberland, sur la Terre de Baffin, ainsi 
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qu'une reconstitution des anciennes végétations de ces périodes. Le texte est rédigé 
en anglais . La reconstitution quantitative de la température estivale a permis de situer 
le réchauffement du demier interglaciaire de la côte est de la Terre de Baffin dans une 
perspective subpolaire (CAPE Last Interglacial Project Members, 2006). La 
reconstitution de la végétation interglaciaire et sa comparaison avec celle de 
l'Holocène a pennis de suggérer une limite de la toundra arbustive, sur la côte est de 
la Terre de Baffin, davantage septentrionale lors du demier interglaciaire que lors de 
l'Holocène. 
Le chapitre III présente une reconstitution de la température estivale sur la côte est de 
la Terre de Baffin et la côte sud, sud-ouest du Groenland, suivie d 'une reconstitution 
de la température estivale des masses d'eau de surface du talus du Labrador et de 
l'Atlantique central. Le texte est rédigé en anglais. La comparaison des résultats a 
permis de montrer que le climat, depuis 7000 ans BP, évolua différemment le long 
des marges est canadiennes que plus au large, en Atlantique central et au Groenland. 
La circulation océanique peut expliquer le régionalisme du climat observé à travers le 
secteur nord-ouest de 1' Atlantique nord, depuis 7000 ans BP (de Vemal et Hillaire-
Marcel, 2006) . Le chapitre III comporte deux parties. La première partie traite des 
résultats principaux de l' étude alors que la seconde présente des informations 
supplémentaires. Ces informations supplémentaires sont nécessaires à la 
compréhension et à 1' évaluation critique des résultats principaux. 
La thèse comporte 4 annexes. L'Annexe A est présentée sur un CD et comporte les 
données modemes (pollen et climat) nécessaires aux reconstitutions climatiques. 
L 'Annexe B présente les diagrammes polliniques complets des sites à l' étude et 
l' Armexe C, leur chronologie. Finalement l 'Annexe D est une copie de l'article des 
membres de CAPE Last Interglacial Project publié en 2006 dans Quaternary Science 



























































































































































































































































































































































































































































































































































































Tableau 1. Données des stations climatiques de la côte est de la Ten·e de Baffin 
(Environnement Canada, 2004) et de la côte ouest du Groenland (Cappelen et al. , 2001). 
Dans chacune des régions , les stations sont ordonnées en ordre décroissant de latitude 
nord . Pour les stations de la Terre de Baffin, les normales climatiques des périodes 1961-
1990 et 1971-2000 sont indiquées. 
Nom de la Station Lat. Long. Ait. T janv. T juil. Tann. P ann. 
Nord Ouest rn asl oc oc oc rrun 
Terre de Baffin 
Pond Inlet* n o 40' 77° 58' 55 -32,4 6.0 -15,1 191 
Clyde A* 70° 29' 68° 31' 27 -28,1 4,4 -12,8 233 
Clyde A-** 70° 29' 68° 31' 25 -26,9 4,2 -12,4 226 
Cape Hooper* 68° 28' 66° 49' 390 -25,5 4,1 -12.0 282 
Cape Hooper** 68° 28' 66° 48' 401 -25,1 4,2 -11 ,8 224 
Fox Five1* 67° 32' 63° 47' 584 -24,8 4,4 -11 ,8 262 
Broughton Island** 67° 32' 63° 47' 587 -24,2 4,4 -11,5 279 
Cape Dyer A* 66° 34' 61 ° 37' 393 -24,2 5,3 -11.0 603 
Cape Dyer A** 66° 35' 61 ° 37' 393 -23 ,2 5,1 -10,5 636 
Groenland 
Pituffùc** 76° 32' 68° 45' 77 -23 ,3 4,5 
-11' 1 127 
Upemavik** n o 47' 56° 1 0' 120 -17.0 5,2 -7,2 n.d. 
Ilulissat** 69° 13' 51 ° 03' 39 -12,7 8,3 -3 ,9 266 
Aasiaat** 68° 42' 52° 45' 43 -13 ,4 5,7 -4,9 304 
Sisimiut** 66° 55' 53° 40' 12 -12,8 6,3 -3,9 383 
Maniitsoq** 65° 24' 52° 52' 25 -7,6 7,3 -1 ,3 667 
Nuuk** 64° 10' 51 ° 45' 80 -7,4 6,5 -1 ,4 752 
Paamiut** 62° 00' 49° 40' 13 -6,6 5,6 -0,8 874 
Qaqortoq** 60° 43' 46° 03' 32 -5,5 7,2 0,6 858 
Prins Christian Sund** 60° 03' 43° 10' 88 -4,1 6,5 0,7 2474 
1 Anciennement Broughton Island 
* Années de calcul ( 1971-2000) 
**Années de calcul (1961-1990) 
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Résumé 
Cette étude présente une compilation de données polliniques et climatiques actuelles 
de 400 sites de surface du Canada et du Groenland. Ces échantillons polliniques 
proviennent de sédiments lacustres. Les sites sont répartis de la forêt boréale à la 
toundra du haut arctique et représentent une gamme de la température allant de 3,5 à 
18,2°C en juillet et de -36,8 à -4,1 °C en janvier, et une précipitation moyerme 
annuelle s'étalant de 81 à 2470 mm. Pour les données polliniques, 34 principaux 
taxons ont été retenus (13 taxons ligneux, 21 taxons herbacés). Des ordinations 
multidimensionnelles, notamment une analyse factorielle des correspondances (CA) 
et une analyse canonique des correspondances (CCA) à partir des données polliniques 
et climatiques, montrent que la température de juillet rend compte de 62,1% de la 
variance des assemblages polliniques et que les températures de janvier et annuelle 
rendent compte de 25,9% et 11,9% de la variance, respectivement. Les CA et CCA 
font ainsi ressortir le lien étroit existant entre les assemblages polliniques et la 
température de juillet (r = -0,86). Deux techniques ont été développées pour 
reconstituer les paléoclimats : la méthode des meilleurs analogues modernes (BMA) 
et une régression découlant d'une analyse factorielle des correspondances (CA). Des 
tests de validation indiquent une erreur d'estimation (RMSE) de la température de 
juillet de ±1,02°C avec la technique BMA et de ±1,98°C avec la régression issue de 
CA. Finalement, ces techniques de reconstitutions paléoclimatiques sont appliquées à 
deux séquences de sédiments lacustres holocènes de la péninsule de Cumberland sur 
la Terre de Baffin dans l'Arctique canadien. Malgré quelques différences locales, les 
résultats sont régionalement cohérents. Ils montrent une diminution progressive de la 
température de juillet de 0,5-1 ,0°C depuis 8000-6000 ans BP. Ce refroidissement est 
compatible avec le déclin de l'insolation estivale holocène. Par ailleurs, les résultats 
indiquent une augmentation de la précipitation moyenne annuelle lors de 1 'Holocène 
supérieur. Cette augmentation des précipitations suggère un changement de régime 
climatique, plus particulièrement une influence grandissante de l'océan sur le climat 
côtier de la Terre de Baffin. 
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Abstract 
This study presents a modem pollen and climate database including 400 sites of 
surface lake-sediment pollen assemblages and corresponding temperature and 
precipitation estimates. The study area covers from the boreal forest to the high arctic 
phytogeographical zones of Canada and Greenland. The database captures modem 
climates ranging from 3.5 to 18.2°C and from -36.8 to -4.1 oc for mean July and 
J anuary air temperatures, respective! y, and 81 to 24 70 mm for mean annual 
precipitation. Pollen data in elude the 34 most common vascular taxa of the boreal 
forest to Arctic zones (13 woody plant and 21 herb taxa). Multivariate ordinations 
using correspondence analysis (CA) and canonicat correspondence analysis (CCA) 
with both pollen and climate data reveal -that July air temperature accounts for 62.1% 
of the variance, whereas J anuary and mean annual air temperatures account for an 
additional25 .9% and 11.9% ofthe variance, respectively. CA and CCA thus 
demonstrate an exceptionally robust relationship between pollen assemblages and 
July air temperature (r = -0.86). Two approaches were developed for quantitative 
paleoclimate reconstructions: the best modem analogue (BMA) method and 
correspondence analysis (CA) regression. Validation tests indicate a root mean 
square error (RMSE) for July air temperature of ±1.02°C with the BMA technique, 
and ±1.98°C for CA regression. Two examples ofpaleoclimatic applications are 
presented for Holocene lake sediments from northem Cumberland Peninsula, Baffin 
Island, Arctic Canada. Despite local differences, the results are regionally coherent, 
showing a progressive 0.5-1 oc decrease ofJuly air temperature since 8000-6000 cal. 
years BP, consistent with declining smmner insolation. The results fmiher document 
late-Holocene increase of mean a1mual precipitation, suggesting graduai enhancement 
of the oceanic influence on climate. 




1.1 . Introduction 
In the Arctic, areas situated at sensitive ecotonal boundaries, such as the Low and 
Middle Arctic bioclimatic zones, are of particular botanical rel ev ance because small 
climate changes may induce relatively large vegetational changes (Barbour et al., 
1998). The understanding of oceanic, cryospheric, and vegetational feedbacks within 
the Arctic climate system relies largely on the analysis of continental scale 
paleoclimate simulations (e.g., Wohlfahrt et al., 2004 and references therein) . 
However, unlike the Boreal forest, Arctic vegetation community structure is typically 
characterized by elevated diversity and pronounced topoclimatic heterogeneity at 
local to regional scales, which mandate examinations at the finest spatial scale 
possible. The understanding of Arctic vegetation dynamics remains hampered by a 
lack of long-term information conceming long-term vegetation-climate relationships . 
From this point ofview, pollen grains preserved in lake sediments are particularly 
useful for reconstructing both vegetation and climate. 
Pollen-based Holocene climate history of western Canadian Arc tic and Alaska 
(Anderson et al., 1989; Bigelow et al., 2003; Kaplan et al., 2003), Scandinavia (Seppa 
and Birks, 2001, 2002) and northem Eurasia (Andreev et al., 2003, 2004a,b,c, 2005) 
is well docun1ented. However, few quantitative climate reconstructions from pollen 
records are available for the eastern Canadian Arctic (Kerwin et al., 2004; Fréchette 
et al., 2006). lt is in this context that we compiled a modem pollen database 
including 400 lake sediment san1ples from northwestem Canada, northem Québec, 
the Canadian Arctic Archipelago and Greenland (Fig. lA). The aim is to first 
develop a paleoclimatic inference tool for the eastern Canadian Arctic and Greenland, 
following detailed standardization and hannonization of pollen taxonomy, a range of 
exploratory and explanatory multivariate analyses, and extensive assessment of 
modem pollen-climate relationships. Details on the relationship between pollen and 
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vegetation is presented elsewhere (Kerwin et al., submitted). Second, we present two 
applications of this tool to Holocene lake sediments from sites near the Low-Middle 
Arctic ecotonal boundary on Cumberland Peninsula, eastern Baffin Island. Our focus 
on lake sediments, with respect to both modem and fossil pollen assemblages, avoids 
problems associated with differentiai pollen representation between lake sediments 
and other terrestrial repositories, such as moss polsters and soils. This approach is 
further guided by the the general suitability and great promise of lake sediments for 
the study ofhigh-latitude environmental change (Pienitz et al, 2004). 
1.2. Methodology 
1.2.1 . Modem pollen database 
The 400 modem pollen assemblages compiled here originate from severa! sources, 
including the Canadian Pollen Database 
(http://www.lpc.uottawa.ca/data/cpd/index.htrnl), the Base de Données Polliniques et 
Macrofossiles du Québec (BDPMQ) (http://www.geog.umontreal.ca/palyno), and 
new data from two of us (M.W. Kerwin and B. Fredskild). Additional pollen data 
have been published previously over more than three decades (Fredskild, 1973; 
Ritchie, 1974; Richard, 1979, 1981; Fredskild, 1983, 1985; MacDonald and Ritchie, 
1986; Ritchie et al., 1987; Gajewski, 1991; Richard et al., 1991; Sandgren and 
Fredskild, 1991; Fredskild, 1992; Kerwin, 2000; Gajewski, 2002; Kerwin et al., 2004, 
Kerwin et al., submitted). The 400 lake sites are now part of the larger (but Jess 
exclusive in terms of sample type) North America-Greenland database (n = 4634 
san1ples) ofWhitrnore et aL (2005), with the exception of 11 Greenland samples that 
have subsequent! y been added in the present effort The source of all pollen 
assemblages is given in Appendix A. 
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These 400 sites have been grouped according to their geographicallocation: Westem 
Canada (WC-1; n = 47, WC-2; n = 73, WC-3; n = 38), James Bay (JB; n = 18), 
Northem Québec (NQ; n =51), Fort Chimo-Diana Bay (FCD; n = 25), Baffin Island 
(B; n = 67), the Canadian Arctic Archipelago (A; n = 23) and Greenland (G; n =58). 
They are thus representative oftwelve distinct floristic zones (Fig. 2), more broadly 
representing the grassland-boreal-subarctic (WC-1, WC-2, JB, NQ, FCD) and Arctic 
(WC-3, G, B, A) vegetation zones ofNorth America and Greenland. 
1.2.1.1. Selection of pollen taxa for inclusion in the database 
The initial pollen relative frequency matrix contains 400 sites and 159 taxa 
(Appendix A) prior to pruning. However, 89% of this matrix comprises zero values, 
with the number of taxa per site ranging from 8 to 29, and the number of occurences 
per taxon varying from 1 to 398. Simplification and rationalization of the data matrix 
was deemed necessary prior to numerical analysis, and was undertaken as described 
below, following severallines of ecological and statistical reasoning. 
The assumption that most of the pollen observed in a sample was produced by plants 
living in proximity to the lake underlies the use of pollen data for paleoclimatic 
reconstruction. However, wind-blown long-distance pollen grains produced by 
boreal forest trees and shrubs often occur in appreciable numbers in arctic lake 
sediments (Ritchie et al., 1987; Gajewski et al., 1995; Gajewski, 2002). Their 
proportions are a function of distance from the source vegetation and wind direction 
and speed during pollination season, but also of the degree of dilution by pollen 
produced locally and regionally by herbs and shrubs (Bourgeois et al. , 2001). One 
appraoch is to simply omit boreal taxa from the pollen sum, but this practice remains 
problematic because percentages of local taxa increase commensurately when the 
assumed long-distance component is excluded. Moreover, any climatic information 
provided by long-distance pollen transport is lost, for example pertaining to southerly 
atmospheric flow (Nichols et al., 1978; Calcote, 2003; Jackson and Williams, 2004; 
Fréchette et al., 2006). Therefore, 7 boreal tree and shrub taxa (Abies, Larix, Picea , 
Pinus, Populus, Myrica, Shepherdia) and 2 herb taxa (Ambrosia, Chenopodiaceae) 
exotic to the tundra biome in arctie Canada and Greenland were retained in the 
finalized modem database (see Table 1). 
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As pollen counts were performed in various laboratories by different analysts, 
problems arising from ineonsistent taxonomy and nomenclature may arise (Birks, 
1995). For example, the inclusion ofpteridophyte spores in the modem database was 
also eonsidered. However, the eommon designation of 'pteridophyta' at sorne sites in 
WC includes taxa of exceedingly broad eeological and elimatie affinities . Without 
further taxonomie serutiny this taxon is unlikely ecologically or climatically relevant, 
and was thus excluded from the sum. Further taxonomie eoncems were raised with 
respect to Picea, Pinus, and Alnus, whieh were only identified at the speeies level at 
some sites in NQ, FCD, JB, A, and WC. Similarly, the differentiation ofEricales 
tetrads at the genus level was only occasionally reported from sorne sites of A, G and 
WC. Therefore, among the 159 pollen taxa counted and reported by the different 
authors, we reclassified severa! taxa to the highest consistent taxon, thereby ensuring 
a full y standardized and unambiguous taxonomy. A new total of 63 taxa remained 
after this harmonization (Appendix A). Thereafter, we excluded ali taxa that did not 
oceur at least twiee with a minimum relative frequency of 1% in the 400 samples. 
This additional filtering of rare (and oceasionally taxonomically uneertain) taxa 
produced 34 spem1atophyte taxa that represent the finalized modem database (Table 
1 ). In this 400 x 34 matrix, only 56% of eells correspond to zero-value, as 33% 
reduction. The new number of taxa per sample varies from 8 to 24, and the redueed 
sum used for calculation of relative frequencies ranges between 62 and 2733 grains 
per site, with a mean of 492 ± 250. 
~---
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1.2.1.2. Climate ofthe modem pollen sites 
Among the difficulties in developing a modem pollen database for paleoclimatic 
reconstruction is the estimation of corresponding climate parameters for sites, a 
problem that is exacerbated in the Arctic where meterorological stations are few and 
climate data quality is variable. For this study, climate parameters (annual, July and 
January air temperatures and annual precipitation) were estimated from weighted-
averages of the closest meteorological stations, derived using 3Pbase software (Guiot 
and Goeury, 1996). A 10° radius of latitude and longitude was used for these 
interpolations, involving data from 400 meteorological stations in Canada (Alberta, 
n = 146; Yukon, n = 19; NWT and Nunavut, n = 52; Ontario, n = 68; Newfow1dland , 
n = 12; Québec, n = 79) and Greenland, n = 24 (Environn1ent Canada, 2004; 
Cappelen et al., 2001). The climate data derived from 30 year norma1s from 1971 to 
2000 for the majority of stations (361 sites, 90% of sites), and 1961 to 1990 for the 
remaining 39 stations with either discontinued or unavailable measurements. 
Because bioclimatic parameters such as the annual sum of daily temperatures above 
ooc (GDDO) and 5°C (GDD5), were not available from Greenland, these parameters 
are not included. 
The modem climate parameter values, c0 , at a given lake, o, have been estimated 
from the weighted-average of all the meteorological stations, k, within a distance, dok, 
less than R (10°) from the lake (Guiot, 1987), following the equations below, where 
Xk, Yk and Ck represent the longitude, latitude, and climate data at each meteorological 
station, k = 1 torn (rn = 400) : 




The reliabi lity of this approach has been tested by comparisons of observed and 
estimated values for each meteorological station. The root-mean-squared error 
(RMSE: the square root of the mean of the squared differences between observed and 
estimated data) is ±1.31 oc (r = 0.98) for annual air temperature, ±1.23°C (r = 0.96) 
for July air temperature, ±2.19°C (r = 0.95) for January air temperatures, and 
± 119.13 mm (r = 0.93) for mean annual precipitation (Fig. 3A). 
1.2.2. Numerical analyses 
Pollen-climate relationships were explored statistically, in order to model the 
biological response of the 400 x 34 pollen matrix to an environmental predictor 
matlix of 400 x 7 parameters reflecting either the interpolated meterological data 
(mean annual, July, and January air temperatures, mean arumal precipitation), or site 
variables likely to covary with local climatic conditions (latitude, longitude and 
altitude). 
1.2.2.1 . Ordination 
Detrended correspondence analysis (DCA) with detrending by segments was first 
used to estimate the compositional gradient lengths of the first few DCA axes in the 
modem pollen data (Gauch, 1982; ter Braak and Prentice, 1988; Birks, 1995). The 
gradient length of DCA axis 1 is 2.58 standard deviation units, wlùch indicates the 
preferred use of unimodal response mo dels of pollen-environrnental gradients: 
correspondence analysis (CA) and canonical correspondence analyses (CCA). CA 
was used to detect major floristic gradients within the 400 modem pollen 
assemblages, and CCA was therafter applied to evaluate the environnmental data's 
explanatory skill with respect to the biotic response encapsulated in the pollen 
assemblages. Forward-selection in CCA was applied to assess the explanatory power 
of envirorunental variables (ter Braak and Verdonschot, 1995; ter Braak and 
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Smilauer, 1998), and the significance was established with 999 unrestricted Monte-
Carlo pennutations with the application of a Bonferroni correction to the reported p-
values (Legendre and Legendre, 1998, Birks et al., 2004). The CCA results were also 
compared to those of the unconstrained (CA) ordination to verify that enviromnental 
variables used in the CCA retain the major floristic gradients suggested by CA in 
absence of a priori environmental contraints. For all of these ordinations (DCA, CA, 
and CCA) the frequencies of the 34 pollen taxa were first square-root transformed to 
downweight the most abw1dant taxa and upweight rare taxa. This transfonnation is 
deemed necessary because many arctic plants, notably herbaceous taxa, are 
sytematically under-represented due to low pollen production, whereas others, such 
as shrub Alnus and Betula are often ubiquitous. All ordinations were performed with 
CANOCO version 4.0 (ter Braak and Smilauer, 1998). 
1.2.2.1. Best modem analogues 
The best modem analogue method (BMA) (also known as the modem analogue 
technique, MAT), asswnes that a fossil pollen assemblage of similar composition to a 
modem counterpart has been produced by similar vegetation and consequently 
reflects a similarprevailing climate (Overpeck et al., 1985; Anderson et al., 1989; 
Guiot et al., 1989; Guiot, 1990; Andreev et al., 2003, 2004c; Jackson and Williams, 
2004; Kerwin et al., 2004; Sawada et al. , 2004). Similarity between fossil and 
modem assemblages is based on the squared chard distance (SCD) dissimilarity 
metric (Birks, 1977; Prentice, 1980; Overpeck et al., 1985; Gavin et al., 2003). SCD 
(d2) between the fossil (t) and modem (i) assemblages is calculated from differences 
in pollen relative frequencies (p), for each taxon (j = 1 tom) (m = 34) as follows : 
d2 = L: ·((p ")l /2- (p ·)1 /2)2 1/ '} 1) lj , 
which can be rewritten as 
d} = 2- 2L:J(püPu)I I2. 
Both K.rzanowski (1971) and Goodman (1972) provide further discussion of this 
dissimilarity measure. Values ofSCD vary between zero and 2 (the upper limit 
occurs when the product PuPtJ is al ways zero, implying that no taxon occurs 
simultaneously in both assemblages), so that larger values indicate greater 
dissimilarity. 
The reconstructed climate from a fossil assemblage t (r1), indexed by the climate of 
the modem assemblage i (ci), where i varies from 1 to s (s = number of analogues), 
from which the distance is dti, is given by: 
r1 =(L-ie/dt/)! L-i(lld]). 
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If the SCD of the closest analogues remains higher than a consistent! y adopted 
threshold, no reconstruction can be made (Guiot et al., 1989). The number of 
analogues (s) selected for paleoclimate interpolation is somewhat arbitrary. In 
general, 5 to 10 modem analogues are used. For example, Andreev et al. (2003, 
2004b, 2005) used 10 when applying 1110-1310 modem assemblage, and 39-77 taxa, 
Andreev et al. (2004c) used 8 for 1106 modem assemblages and 77 taxa, Kerwin et 
al. (2004) used 10 for 275 modem assemblages and 11-12 taxa, and Sawada et al. 
(2004) used 10 for 4590 modem assemblages and 89 taxa. Our most recent efforts on 
Baffin Island, which address primarily sediments of last interglacial age (Fréchette et 
al., 2006) employa lower value of s = 5 with respect to the cun-ent 400 modem 
assemblages and 34 taxa. Thus, for consistency, here we use 5 analogues, which 
further limits the risk of excessive heterogeneity within the modem analogues 
retained for paleoclimatic reconstruction. AU BMA reconstructions were perfom1ed 
with the 3Pbase software (Guiot and Goeury, 1996). 
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1.2.3. Fossil pollen sites 
Fog Lake (67°11 'N, 63°15'W, 460 rn a.s .l., 170 rn long and 140 rn wide, 9.5 rn water 
depth at the coring site) and Akvaqiak Lake, 50 km to the west (66°47'N, 63°57'W, 
17 rn a.s.l., 400 rn long and 200 rn wide, 13 rn water depth at the coring site), are 
typical small non-glaciallakes in the Padle Fiord-Merchants Bay region ofnorthem 
Cumberland Peninsula, eastern Baffin Island, Nunavut (Fig. lB). These sites were 
selected for analysis because of considerable prior study in the region, and the 
relatively secure chronologies based on numerous accelerator mass spectrometry 
(AMS) 14C dates. The Fog Lake sediment record has been investigated from severa! 
perspectives, including a pre-Holocene sequence that is considered in detail 
elsewhere (Steig et al., 1998; Wolfe et al., 2000; Miller et al. , 2002; Wolfe et al. , 
2004; Francis et al., 2006; Fréchette et al., 2006). Local vegetation is typical of the 
Middle Arctic Zone (Young, 1971), with a sparse vascular plant cover and few 
woody taxa. At Akvaqiak Lake, at the head ofPadle Fiord, the vegetation is 
considerably denser due to an ameliorated local climate and low elevation, such that 
outlierpopulations ofprostrate dwarfbirch (Betula nana, B. glandulosa) are 
abundant surrounding the lake. Green al der (Alnus crispa) do es not occur on Baffin 
Island today, nor does it appear to have grown in the area at any time during the 
Holocene. The modem climate at both sites was estimated by interpolation, 
identically to the modem sites. At Qikiqtarjuaq (Broughton Island), the nearest 
climate station 40 km north west of Padle Fiord, mean arum al temperature is -ll.5°C 
(summer mean (JJA): 2.3°C; winter (DJF): -23.5°C), and mean arumal precipitation is 
280 mm a- 1 (85% as snow). However, precipitation increases markedly eastward, 
producing over 600 mm a-1 at Cape Dyer, 100 km east of the lakes on the outer coast. 
Depth of snow cover is likely critical to the survival of Betula at the heads ofPadle 
and Kan gert fiords (cf Fredskild, 1991). 
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1.2.3.1. Sediment coring and chronology 
The two cores were obtained in May 1996 (Fog) and 1998 (Akvaqiak) through lake 
ice using a sledge-mounted percussion coring system (7 cm diameter) capable of 
penetrating dense inorganic sediments (Nesje, 1992). This study is limited to the 
Holocene section from Fog Lake, captured in the upper 50 cm of core. The 90 cm 
core from Akvaqiak Lake is entirely post-glacial in age. These sediment records do 
not capture recent vegetational changes associated with post-Little lee Age warming 
as the uppermost sediments are lost when coring. Instead, we focus on palynological 
changes that encompass the time between the "Holocene thermal maximum" and the 
Little lee Age (LIA) (ca. 1600 to 1900 AD) (Grave, 1988; Koemer and Fisher, 1990). 
The original chronology ofFog Lake (Wolfe et al. , 2000) has been supplemented by 
two additional AMS 14C dates reported here (Table 2). Dates were obtained on 
bryophyte macrofossils (Warnstor.fia exannulata leaves and stems), chitin from 
chironomid head capsules, and humic acid extracts. Although aquatic bryophytes 
appear reliable for AMS 14C dating in this region, implying full equilibration of lake 
waters with respect to atinospheric C02 (Miller et al., 1999), humic acids are far more 
problematic when ancient (i.e., last interglacial) dissolved organic carbon are present 
in the catchment, as is the case with many Baffin Island lakes (Wolfe et al., 2004). 
Paired macrofossi l and humic acid dates have been obtained at one level in the Fog 
Lake core and three levels in the Akvaqiak Lake core, producing humic acid ages that 
are universally older than adjacent macrofossils . This has led to the application of 
corrections of 170 and 537 years in Fog and Akvaqiak lakes, respectively, that are 
subtracted from all humic acid ages priot to age model development. All resulting 
corrected (humic acid) and uncorrected (bryophyte and chitin) dates have been 
calibrated to calendar years using the CALIB (Stuiver and Reimer, 1993) updated 
with the Intcal98 dataset (Stuiver et al., 1998). 
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1.2.3 .2. Pollen-based Holocene climate reconstructions 
The cores were subsampled at 0.5 to 3 cm intervals for fossil pollen analysis, 
resulting in 22 and 30 samples from the Fog and Akvaqiak lake cores, respective! y. 
Standard pollen preparation techniques, including dispersion with KOH, digestion 
with HF and HCl, and acetolysis (Faegri and Iversen, 1975), were applied to 2.0 cm3 
samples of fresh (wet) sediment. Residues were stained with fuschin, mounted in 
glycerine, and examined microscopically at 400x and 1 OOOx. Pollen and spores were 
identified using the taxonomie keys ofRichard (1970), McAndrews et al. (1973) and 
Moore et al. (1991), as well as reference to the modern pollen collection archived at 
the Laboratoire Jacques-Rousseau, Université de Montréal. Pollen concentrations 
(grains.cm-3 ofwet sediment) were detennined by spiking with Eucalyptus pollen 
grains prior to processing (Benninghoff, 1962). 
The pollen sum used for computing relative frequencies from the fossil assemblages 
includes the same 34 pollen types contained in the modern databse (Table 1 ). These 
sums average 512 ± 17 grains for Fog Lake, and 547 ± 41 grains for Akvaqiak Lake. 
However, the palynomorph concentrations are reported for both total spern1atophyte 
pollen, as well as ali pteridophyte spores (grains.cm-3) . 
To assess stratigraphie changes in pollen assemblages we first calculated the squared 
chord distance (SCD) between adjacent pollen spectra in both records. These SCD 
values approximate the magnitude ofbetween-sample vegetation change, but are also 
influenced by the time elapsed bet\\feen deposition of consecutive samples analyzed. 
In order to normalize for this temporal component, we applied the age models from 
both lakes to calculate between-sample rates of change (ROC) (Jacobson et al. , 1987; 
Grimm and Jacobson, 1992), which are equal to between-sample SCD divided by the 
time interval separating adjacent samples. ROC (SCD year _,) is an important 
variable for identifying periods of accelerated vegetation change, as well as patterns 
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that may be expressed regionally to enalbe correlation (Grimm and Jacobson, 1992; 
Shuman et al. , 2005). These calculations are based on the 34 principal pollen taxa 
only, and were perf01med using the pro gram Progiciel R (version 4) of Legendre and 
Legendre (1998), avai lab le from 
http://www.bio.umontreal.ca/casgrainlfr/labo/R/index.html. 
1.3. Results 1: the modern pollen database 
1.3 .1. Modern climate of the reference sites 
The modern database encompasses environmental gradients ranging from -19.5 to 
5.1 oc for annual temperature (mean: -6.3 ± 5.9°C), 3.5 to 18.2°C for July temperature 
(mean: 10.3 ± 3.9°C), -36.8 to -4.1 °C ofJanuary temperatures (mean: -21.9 ± 8.0°C), 
and 81 to 2470 mm for annual precipitation (mean: 498 ± 391 mm). These data are 
surnmarized in Table 3 and Fig. 4. To assess regional differences, the 400 sites have 
been subdivided in Fig. 4 according to geographie location: North American sites 
west of longitude 110°W (WC-1, WC-2, WC-3), North American sites east of 
longitude 110°W (A, B, FCD, NQ, JB), and sites from Greenland (G). 
1.3.2. Palynological signature of the reference sites 
The palynological signatures of the 400 reference sites are portrayed in Fig. 5 as the 
relative frequencies of the 34 principal taxa ordered according to their first axis CCA 
scores and ordered latitudinally within each region. Latitudinal patterns are clearly 
expressed by sorne boreal tree taxa (Picea and Pinus), as well as for aider (A/nus). 
Saxifragaceae and Oxyria/Rumex contain additionallatitudinal structure within the 
mid- to high-arctic zones . Converse! y, representations of the dominant arc tic shrub 
and herb taxa (Ericales, Sa/ix, Cyperaceae, Poaceae) and Betula Jack such obvious 
latitudinal trends. 
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1.3 .3. Major floristic gradient in relation with environrnent variables 
CA ordination reveals the major floristic gradient among the 400 modem pollen 
assemblages. The first CA axis accounts for 24.1% of total variance and has an 
eigenvalue (t.. 1 = 0.242) twice that of the second CA axis (À2 = 0.122) (Table 4). CA 
axis 1 sample scores preserve a clear latitudinal trend both between and within each 
subregion (Fig. 6A, B). These scores have a significant negative correlation with July 
air temperature (r = -0.86) (Fig. 6C). Sites from herb and shrub tundra vegetation 
zones of the Arctic (A, B, G, WC-3) have positive scores on CA axis 1, whereas sites 
from grassland-boreal-subarctic zones (JB, NQ, FCD, WC-1, WC-2) have negative 
scores. The relationship between CA axis 1 assemblage scores and July air 
temperatures (Fig. 6C) indicates that pollen sensitively captures the climatic 
distinction between subarctic and arctic vegetational zones, which broadly coïncides 
with July air temperatures near 10°C (Koeppen, 1936; Young, 1971 ; Bonan et al., 
1992; Foley et al. , 1994; Pielke and Vidale, 1995). 
The CCA constraining the 400 pollen assemblages to the 7 environrnental variables 
aims to pinpoint those environmental variables that maximize the floristic gradients 
identified by CA, whereas subsequent forward selection (sensu ter Braak and 
Verdonschot, 1995) confirms that July air temperature is the most significant 
environmental predictor, followed by January air temperature (Table 5). The three 
temperature variables collectively account for 65.3 % of the variation within the 
pollen assemblage data, whereas annual precipitation only accounts for 4.5% of the 
total floristic variance. At the 95% level (p = 0.05), ali seven environmental variables 
are significant predictors of the composition of pollen assemblages. 
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The first three canonical axes collectively exp lain 32.0% of the variance in the pollen 
data alone, and 85.2% of the variance in the weighted-averages of the pollen taxa 
constrains to environment (Table 4). The second and the third CCA axes have 
similar eigenvalues that are both statistically significant. Close con·espondence 
between the eigenvalues of CA and CCA ordinations indicates that the dominant 
gradient in pollen assemblage composition is captured both in the absence (CA) and 
the presence (CCA) of the environmental constraints imposed by the 7 variables 
(Birks et al. , 2004). Thus, CCA axis 1 captures the gradients ofboth July air 
temperature (r = -0.93) and latitude (r = 0.73), whereas axis 2 is correlated with 
annual precipitation (r = -0.81) and January air temperature (r = -0.80), and axis 3 
captures mainly a gradient of altitude (r = 0.72) and to sorne extent January air 
temperature (r = 0.50) (Table 6). CCA ordination biplots also illustrate the separation 
of pollen assemblages among floristic zones (Fig. 7 A, C), which is maximized along 
axis 1, corresponding to the July air temperature gradient intially revealed by CA. 
By projecting taxon scores onto the vector of July air temperature, tlnee distinct 
groupings are observed (Fig. 7B, D). This ranking of taxa approximates the 
weighted-averages of individual pollen taxa with respect to July air temperature 
(Jongman et al., 1987; Legendre and Legendre, 1998). A first group is characterized 
by strongly negative CCA axis 1 scores and includes the most thermophilous taxa 
such as Larix (PLAR), Abies (P ABI), Myrica (MMYR), Chenopodiaceae (CHEN), 
Picea (PPIC), Pinus (PPIN), Populus (SPOP) and Shepherdia (ESHE). A second 
group with strongly positive scores includes the taxa most common in the coldest 
environments of the mid- to high-arctic zones: Papaveraceae (PP A V), Dryas 
(RDRY), Saxifragaceae (SAXI), Oxyria/Rumex (POXR), Scrophulariaceae (SCRO), 
Polygonaceae (POLY), Caryophyllaceae (CARY), Brassicaceae (BRAS), Fabaceae 
(FABA), Ranunculaceae (RANU) and Salix (SSAL). A third group of taxa are 
generally more abundant in surface sediments from subarctic and low arctic zones, 
but are also encountered in samples spanning the full gradient from boreal to high 
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arctic (Fig. 5). This group therefore has somewhat dimished ecological specificity 
with respect to the parametelized environn1ental gradients, and includes Betula 
(BBET), Artemisia (CART), A/nus (BALN), Tubuliflorae-Liguliflorae (TULI), 
Ambrosia (CAMB), Cupressaceae (CUPR), Rosaceae (ROSA), Cyperaceae (CYPE), 
Poaceae (POAC), Onagraceae (ONAG) and Plantago (PPLA). 
1.4. Results II : best modern analogues 
1.4.1. Th.reshold values of the SCD 
An absolutely critical consideration with the BMA method is selecting the threshold 
value beyond which dissimilality is too h.igh for a reliable analogue to be assigned. 
Y et the definition of this threshold often appears somewhat arbitrary. Moreover, the 
selected threshold value may not universally prevent errors alising from false 
apparent similarity or dissimilarity (i.e. false positive or false negative errors, 
respectively analogous to Type I and Type II en·ors in statistical hypothesis testing) 
(Jackson and Williams, 2004; Wahl, 2004). In previous BMA studies (Overpeck et 
al., 1985; Anderson et al., 1989; Calcote, 1998), SCD thresholds were determined 
from compalisons between modem pollen assemblages and their corresponding 
vegetation types, in order to ascertain SDC values that define boundaries between 
analogue and non-analogue situations. This often resulted in relatively low SCD 
thresholds values, which reduce the chance of generatings false positive errors when 
choosing modem analogues. For example, Overpeck et al. (1985), using 1618 
modem sites (lake and bog surface sediments, and moss polsters) and 15 (14 woody 
plants, 1 herb) or 40 taxa (32 woody plants, 8 herbs), showed that assemblages with 
SCD ~ 0.12 can be considered reliable analogues, but SCD of 0.15 remain applicable 
if the number of analogues decreases. Anderson et al. (1989), using 303 modem 
lake-sediment sites and and 25 taxa (15 woody plants, 10 herbs), proposed SCD 
thresholds of0.095, 0.185 and 0.400 to identify 'good analogues', 'analogues' and 
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'possible analogues', respectively. Calcote (1998), using 66 modem forest hollow 
sites and 13 woody plant taxa, suggested that SCD :S 0.05 indicates the presence of 
acceptable analogues. More recently, Jackson and Williams (2004) and Wahl (2004) 
have stressed the importance of considering the risk of failing to correctly identify 
pollen assemblages from similar vegetation (false negative error) . Typically, this 
results in the need for higher SCD threshold values. Wahl (2004) has shawn that an 
SCD threshold of 0.225 was appropriate for his database comprising 41 surface sail 
samples (13 taxa including 8 woody plants, 4 herbs and a collective category 
including pteridophyte spores, unidentifiable and unknown pollen grains). At the 
continental scale, an even higher threshold SCD of 0.30 may be warranted (Sawada et 
al., 2004). In this case, the threshold SCD was determined by plotting the frequency 
distribution of SCD values obtained from the first best modem analogue for each of 
the 4590 modem pollen assemblages (89 taxa including 49 woody plants, 30 herbs, 9 
pteridophyte and 1 bryophyte). The upshot is that studies comparing within-biome 
pollen assemblages require smaller threshold SCD values than those involving more 
than one plant biome (Gavin et al., 2003; Oswald et al., 2003; Sawada et al., 2004). 
Furthermore, the SCD threshold itself may become biome-specifie, as suggested by 
considerations of information-statistic indices (Waelbroeck et al., 1998) applied to 
continent-scale compilations of pollen assemblage data (Whitmore et al., 2005). 
· In arder to address these issues in the present investigation, we calculated SCD 
between all pairs (i.e. 79,800) of the 400 modem pollen assemblages (34 taxa) . 
Thereafter, we plot the frequency distribution of SCD values between pairs to 
illustrate dissimilarities between (1) al1400 sites (2) sites from grassland-boreal-
subarctic zones, and (3) sites from arctic tundra zones (Fig. 8B, E, H). Because these 
pair-wise SCD values were calculated among pollen assemblages originating from 
differing vegetation types, they are representative of the between-biome dissimilarity. 
In parallel, we plotted the frequency distribution of SCD values of the first best 
analogue for the same three broad subsets of sites (Fig. 8C, F, I). Since the first best 
31 
analogue is more likely to originate from the same vegetation type as the 
corresponding pollen assemblage, these SCD values are representative ofwithin-
biome dissimilarity. The results demonstrate that SCD from the grassland-boreal-
subarctic zones are generally lower than those from arctic tundra vegetation zones 
(Fig. 8E, H). Likewise, SCD values of the first best analogue are lower in the 
grassland-boreal-subarctic zones than for arctic tundra zones (Fig. 8F, I) . 
Furthermore, the frequency distribution of SCD values of the best analogue of sites 
from the grassland-boreal-subarctic zones preserve skewness and kurtosis (Fig. 8F), 
whereas the distribution is closer to normal for the arctic vegetation zone (Fig. 81). 
The higher modal SCD values for arctic zones, and their more normal distribution 
cannat be explained by a larger range of July air temperature or other climate 
variables (Table 3), nor by a lower density of sites (Fig. lA). From these result, we 
conservatively suggest that high SCD threshold values are most appropriate for 
BMA-based climate reconstructions from fossil pollen assemblages from arctic lake 
sediments. Such thresholds reduce the probability of generating false-negative errors, 
such as the omission of contrasting pollen assemblages originating from sites 
experiencing similar climate and therefore representing viable analogues. 
Conversely, low SCD thresholds are likely to remain appropriate when considering 
fossil assemblages from the warmer subarctic portion of the temperature gradient. 
The SCD threshold objectively obtained from the 3Pbase pro gram is based on a 
Monte Carlo simulation ofthe modern assemblage data (this way to proceed has the 
advantage to take into account the number of taxa which has a positive effect on the 
value of the threshold), whereby i modern spectra are randomly extracted with 
replacement from i selected modern spectra, and the best-fit spectrum from that group 
is obtained (Guiot et al. , 1989; Guiot, 1990). This is repeated s times, providing s 
best analogues from which confidence intervals are calculated. The mean SCD 
obtained in this way, generated between randomly-selected pairs from within the 
modern assemblage data, is 0.62 ± 0.31 . The mean minus standard deviation provides 
the SCD threshold, that is, 0.31. When comparing to the frequency distribution of 
SCD values from arctic vegetation zones (Fig. 8H, I), the SCD threshold of 0.31 
seems entirely adequate for quantitative paleoclimate reconstmctions from fossil 
pollen asssembalges from lake sediments in arctic Canada and Greenland. 
1.4.2. Robustness of quantitative climate inferences 
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Validation tests using the 5 best modem analogues (s) demonstrate that the BMA 
method reconstmcts modem climate variables in the Arctic with reasonable accuracy, 
for both the climate station (Fig. 3C) and lake sediment (Fig. 3D) localities. Ideally, 
these validations approach 1:1 linear relationships between inferred and observed 
values, as assessed by the slope and the correlation coefficient (r), as well as the 
lowest variability measured by the RMSE for each climate parameter (de Vernal et 
al., 2001; Muller et al., 2003; Sawada et al., 2004). Correlation coefficients suggest 
that July, annual and January air temperatures can be reconstructed with high degress 
of confidence (r = 0.97, 0.95 and 0.93, respectively). Annual precipitation was also 
reconstmcted with accuracy (r = 0.86). These degrees of correlation and RMSE 
justify the choice to include pollen grains derived from both local, regional, and long-
distance sources. The degree of accuracy of July air temperature predicitons is better 
in the Arctic relative to grassland-boreal-subarctic zones (RMSE of0.84 and 1.15°C, 
respectively) . Conversely, the other climate parameters are more accurately 
reconstructed south of the arc tic tundra zones. Different precipitation and win ter 
temperature regimes among arctic sites, notably between Greenland and the Canadian 
Arctic Archipelago, explain this phenomenon (Fig. 4). 
1.4.3 . Evaluating the potential effects of spatial autocorrelation in BMA 
reconstructions 
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Recently, Telford et al. (2004) and Telford and Birks (2005) stressed that the 
reliability of the BMA method may be overestimated because of spatial 
autocorrelation. Indeed, spatial autocorrelation may distort the performance of 
certain calculations, such as that of standard statistical tests ( e.g. r value and RMSE) 
(Legendre, 1993). With the aim of assessing this potential problem, we removed sites 
from the modem reference database (N). We first retained three sites of every four 
sites (N = 300), th en one site of every two sites (N = 200) and fmally only one of 
every four sites (N = 1 00) from the originallatitudinal ordering, and recalculated 
BMA estimates ofthe four most significant climate parameters. In the last way 
(N = ·1 00), the closeness, geographically and climatologically, among sites 
comprising the training set is reduced, as is the potential for statistical artifacts of 
autocorrelation. Comparable results were found for the N = 100, 200, 300 and 400 
reference samples (Table 7). Th us, if we take into account that we are in a very 
defavourable situation with a very small reference database, we may conclude that 
spatial autocorrelation does not affect the BMA method. Overall, the validation tests 
presented here prove that modem climate infonnation is effectively registered by 
high-latitude pollen assemblages, and that paleoclimate reconstructions using the 
BMA method are methodologically and statistically robust. 
1.5. Results III: Holocene elima te of Baffin Island reconstructed from fossil 
pollen 
1.5 .1. Stratigraphy and palynology of the Fog and Akvaqiak lake cores 
Age models for the Fog and Akvaqiak lake cores were derived from calibrated AMS 
14C measurements (Fig. 9) . Sediment accumulation rates average 6.7 ± 2.4 cm ka- 1 at 
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Fog Lake and 13.5 ± 7.2 cm ka-' at Akvaqiak Lake, which are typical for 
unproductive Baffin Island lakes in small drainage basins (Wolfe et al., 2004). 
According to the available dates, organic sedimentation comrnenced approximately 
8300 cal. years BP in both lakes. Underlying and largely inorganic sediments contain 
pre-Holocene organic matter (including palynomorphs) remobilized during regional 
deglaciation, and are not considered for quantitative climate reconstruction (Table 2). 
Local vegetation in the vicinities ofFog and Akvaqiak lakes are quite different 
despite their proximity, and this is well expressed in their respective pollen 
assemblages (Fig. 1 0). The main floristic differences concem representations of 
Betula, Cyperaceae and Oxyria/Rumex pollen. Akvaqiak Lake assemblages are 
dominated by Betula and Ericales, whereas boreal taxa (Picea, Pinus, Artemisia), 
Oxyria/Rumex, and other arctic herb taxa are poorly represented. Fog Lake 
assemblages show higher frequencies of boreal taxa, as well as relatively high 
representations of Oxyria/Rumex. 
Pollen concentrations in Fog Lake sediments are about halfthose observed in 
Akvaqiak Lake. The mean pollen influx at Fog Lake is 36 ± 30 grains cm-2 yr- 1 and 
229 ± 177 grains cm-2 yr- 1 at Akvaqiak Lake. The lower pollen influx at Fog Lake is 
explained by the local absence of shrub Betula, and the lake's more exposed position 
on an upland surface, that contrasts the protected valley-floor situation of Akvaqiak 
Lake. SCD between the uppermost pollen assemblages of the two lakes is 0.14, 
which is relatively high when considering their close proximity of ~50 km. 
Downcore, between-sample, SCD values indicate three distinct intervals of vegetation 
development expressed in both lakes, with transitions at ~8000, ~3000 and~ 1000 cal. 
years BP (Fig. 1 0) . Within-core pollen assemblage SCD values are much lower 
(SCD < 0.1 0) by comparison to regional arctic assemblages (Fig. 8H, I), which 
indicates that the vegetation changes associated with these Holocene pollen shifts 
were relatively subtle. Rate of change (ROC) calculations show that changes 
centered at ~8000 and ~ 1000 cal. years BP were comparable in magnitude at the 2 
sites, and more rapid than the one expressed at ~3000 cal. years BP (Fig. 10). 
1.5.2. Compositional changes in the pollen diagrams 
Visual inspection of pollen diagrams reveals three biostratigraphic zones (Fig. 1 0). 
Between -8300 and - 8000 cal. years BP, Betula, Alnus, Ericales, and several arctic 
herb taxa domina te the assemblages of both sites. Pollen rain consisted of a 
significant component of subarctic and boreal taxa, along with local, cold 
environment taxa. The pollen content and ROC values suggest that the landscape 
supported a sparse and unstable herb tundra vegetation, readily diluted by 
contributions from pollen transported from the south. 
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From- 8000 to - 3200 cal. years BP, frequencies of Cyperaceae and A/nus rose (i.e., 
until -5000 cal year BP), then declined progressively as Ericales pollen 
representation began to increase after - 5000 cal. years BP. The rise in Cyperaceae 
frequencies, and high ROC values at - 7700 cal. years BP, reflect the establishment of 
a middle-Holocene herb tundra vegetation. The rise of A/nus frequencies around 
6000 cal. years BP suggests increased recruitment of long-distance pollen derived 
from northward expansion of al der in Nunavik, northem Québec (Richard, 1981 , 
1995; Gajewskl et al., 1993, 1996). The decrease in Cyperaceae percentages, 
accompanied by the progressive increase in Ericales pollen, suggest an 
empoverishment of local vegetation co ver and soil nu trient status, ultimately 
reflecting the onset of the Neoglacial on northem Cumberland Peninsula (Wolfe et 
al., 2000; Kerwin et al., 2004; Miller et al., 2005). An empoverishment of local 
vegetation trend is observed on east-central Ellesmere Island, where slight increases 
in pioneer herbs after - 3800 cal. years BP indicate a pronounced cooling phase 
(Hyvarinen, 1985), and in the central Arctic (Gajewski, 1995; Gajewski and Frappier, 
2001). 
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The final pollen zone recognized here, post-3200 cal. years BP, is charactelised by 
increasing ROC values, enhanced representation by Ericales, and decreased 
frequencies of Alnus, together suggesting instability of local vegetation cover. ROC 
values after ~3200 cal. years BP suggest that vegetation responded rapidly to the 
Neoglacial cooling. However, proportions of long-distance pollen do not increase 
during this phase, although they do increase in ice core pollen studies on Ellesmere 
Island (Bourgeois et al. , 2000). ROC values also reveal that vegetation during the 
last millennium was as unstable as that of the early Holocene, in keeping with 
observations fi·om elsewhere in North America (Jacobson et al., 1987; Jacobson and 
Grimm, 1988; Grimm and Jacobson, 1992; Shuman et al., 2005). 
1.5.3. Quantitative paleoclimate reconstructions from the BMA method 
Close analogues for the Fog and Akvaqiak lakes fossil pollen assembalges exist in the 
400 site modem database, with at least five solutions possessing SCD values < 0.12, 
much lower than the prescribed threshold value of 0.31 (Fig. 11). For both sediment 
cores, the range of SCD values is slightly larger prior to 7000, and post-3200 cal. 
years BP. Although reconstructions from the uppermost pollen assemblages 
overestimate modem interpolated temperatures and precipitation for either site, these 
discrepancies fall within the range oftheir respective RMSE (Fig. 3), and within the 
ranges of interannual variability measured on eastern Cumberland Peninsula for 
1971-2000 (mmual air T: -11.6 ± 2.5°C; July air T: 4.6 ± 1.7°C; January air T: -
24.8 ± 4.4°C, Environment Canada, 2004). Furthermore, the likelihood that pollen 
assemblages reflect longer time-frames than those embraced by instrumental climate 
normals cannot be eliminated given the low sediment accumlation rates at these sites. 
According to calculated sedimentation rates, the uppennost pollen assemblage at Fog 
Lake encompasses about two centuries from about 610 to 380 cal. years BP, and the 
---------- -- -- --------
uppermost assemblage at Akvaqiak Lake represents almost one century from about 
360 to 280 cal. years BP. 
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At Fog Lake, the five best modem analogues used for climatic inferences originate 
from Greenland (55%) and Baffin Island (45%), whereas those for Akvaqiak Lake are 
mainly from Greenland (85%), with sorne from Baffin Island (13%) and Mackenzie 
Delta region (WC-2; 2%). 
Although the pollen stratigraphies from bath lakes differ, paleoclimate 
reconstructions are broadly consistent (Figs. 11, 12, 13A). At bath sites, 
reconstructed July air temperatures exhibit slight cooling trend since 8000 cal. years 
BP, amounting to ~1.0°C at Fog Lake and ~1.2°C at Akvaqiak Lake. At the latter 
site, reconstructed mmual precipitation increased markedly after 5000 cal. years BP. 
The composition of pollen assemblages from Akvaqiak Lake, coup led to the locations 
oftheir best modem analogues (primarily southem Greenland after 5000 cal. years 
BP), imply that law elevations along the east coast of Cumberland Peninsula 
experienced progressively more oceanic climates since the mid-Holocene. 
Reconstructed annual and J anuary air temperature trends are superimposed at bath 
Fog and Akvaqiak lakes .. This is likely borne out of the strong relationship between 
these two climate variables in the n = 400 database (r = 0.87), which increases further 
when only arctic sites are considered (r = 0.99, Table 8). At Fog Lake, reconstructed 
annual and January air temperatures rise marginally during the late Holocene, but 
these trends are not evident in BMA estimates from Akvaqiak Lake (Fig. 11). The 
large range of values for these climate variables among sites selected as best modem 
analogues, which combine Greenland and Canada, may explain these discrepancies 
(Fig. 4). Thus, BMA-based reconstructions of annual and January air temperatures 
.should be viewed cautiously as first appproximations. 
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1.5.4. Quantitative July temperatures reconstructed from CA regression 
Following initial CA ordination of the 400-lake modem assemblages, fossil pollen 
data from Fog and Akvaqiak lake cores were projected passively onto the ordination 
space, without influencing the analysis in any other way. The linear regression 
equation between CA axis 1 sample scores and July air temperature (July T (0 C) = 
10.28 - 6.54 (CA axis 1 sample score); Fig. 6C) was applied to fossil sample scores 
to quantitatively reconstruct the July air temperatures, with an estimated RMSE of 
±1.98°C (r = 0.86). CA regression thus provides simpler, but less precise, July 
temperature estimates than the BMA method. Fossil pollen assemblages from Fog 
and Akvaqiak lakes produce positive CA axis 1 scores (0.25 to 0.50) and negative 
axis 2 scores (-0.10 to -0.75). When compared to scores from the 400 modem 
assemblages, pollen from both lakes are more comparable to modem Geenland (67% 
for Fog Lake, 89% for Akvaqiak Lake) than to Baffin Island (33% for Fog Lake, 11% 
for Akvaqiak Lake). 
CA regression reconstructions of July air temperature from Fog Lake depict a slight 
cooling trend, in the order of 0.8°C, sin ce 8000 cal. years BP. In contrast, no 
significant trend is evident from Akvaqiak Lake. (Figs. 12, 13B). CA axis 2 is 
negatively correlated to annual precipitation and its co variable, J anuary air 
temperature (Fig. 7B; Table 6). At Akvaqiak Lake the increasingly negative scores 
on CA axis 2 (Fig. 13E) thus suggest increased precipitation after ~5000 cal. years 
BP, which is entirely consistent with estimates from BMA (Figs. 11, 13D). The 
strong conelation between annual precipitation and winter temperature (r = 0.76) 
implies that the trends of increased late Holocene precipitation witnessed at both 
lakes may ultimately be the result warmer winter air temperatures, despite 
progressive summer cooling. This trend translates the progressive reduction in 
annual temperature amplitude over the course of the late Holocene (Bradley and 
Miller, 1972). 
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1.5 .5. Integration ofreconstructed July temperatUres estimates 
For both lakes, CA-based reconstructed July air temperatures are about 1.0°C wanner 
than those infened by the BMA method and largely parallel, with the exception of the 
8000 to 5000 cal. years BP interval at Akvaqiak Lake, where CA- and BMA 
reconstructions are nearly superimposed (Fig. 12). Irrespectively, the results from 
both techniques overlap when their respective confidence intervals are taked into 
account. In order to balance the contributions ofboth approaches, we averaged the 
BMA- and CA-based July air temperature reconstructions from Fog and Akvaqiak 
lakes individually, thus yielding "consensus" reconstructions (Figs. 12, 13C) that 
follow the rationales used previously (Bartlein and Whitlock, 1993; Kerwin et al. , 
2004). The robustness of our BMA-CA consensus approach was assessed by 
reconstructing modem July air temperatures for the 400 training set sites, which 
yielded a strong conelation between infe1Ted and observed July temperature 
(r = 0.94), and an RMSE of± 1.30°C. The performance of the consensus model is 
comparable to the BMA reconstruction (r = 0.97, RMSE = 1.02°C). However, when 
individuallake records are merged into single, composite record (BMA-CA . 
consensus values) (Fig. 13C), there is more agreement between Fog and Akvaqiak 
lakes July air temperature reconstructions than with their BMA and CA records 
individually (Fig. 13A, B). This agreement in the climate trend at the regional scale 
highlights the clear advantage of developing, implementing, and synthesizing 
multiple reconstruction strategies for a single variable. 
1.5.6. Spatial and temporal scales ofHolocene climate variability 
The consensus July air temperature reconstructions from Fog and Akvaqiak lakes 
coherently preserve a long-term cooling trend of 0.6-0.8°C at the regional scale on 
northem Cumberland Peninsula since 8000 cal. years BP. This summer cooling is in 
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strong agreement with palynological changes indicating a graduai empoverishment of 
local vegetation (Fig. 1 0). This trend is consistent with summer insolation forcing 
(Berger, 1998). Regionally, summer cooling may have become exacerbated 
following the initiation ofNeoglacial advances among local glaciers after 6000 cal. 
years BP (Miller et al., 2005), particularly if localized feedbacks involving prolonged 
snow caver were involved (Wolken et al., 2005). Superposed on this secular trend is 
a faint expession ofmid-Holocne warming beginning ~6500 cal. years BP and lasting 
approximately 1000 years. This feature is evident in other pollen records from the 
region (Kerwin et al., 2004). 
Subsequently, the long-tem1 Holocene cooling trend is punctuated by discrete short-
term warming episodes at ~6000, ~3500, ~ 1500, and ~500 cal. years BP, which are 
well-expressed at Akvaqiak Lake, and are ofrelatively low amplitude (±0.3-0.4°C). 
July air temperatures decreased by ~0.4-0.5 °C between 3200 cal. years BP and the 
Little lee Age, implying an acceleration of summer cooling in the late Holocene. At 
this time, enhanced summer cooling destabilized vegetation, as witnessed by 
increased pollen ROC values (Fig. 13). Dinoflagelllate cyst assemblages from 
northem Baffin Bay register a similar cooling after 3600 14C years, punctuated by 
several short-term fluctuations of sea-surface temperature (Levac et al., 2001). The 
replacement of Atlantic surface waters by cold, low-salinity Arctic Ocean water along 
the coast of eastern Baffin Island (Dyke et al., 1996; Lev ac et al. , 2001 ), coup led with 
the steady reduction of summer insolation, likely resulted in significant sea-ice 
feedbacks that amplified the late Holocene summer cooling trend. 
With respect to these finer scale changes, the Akvaqiak Lake pollen record appears 
more variable than that from Fog Lake, and this may relate to local conditions and 
vegetation status. For example, local vegetation caver in the vicinity ofFog Lake is 
discontinuous, which suppresses local pollen representation in lake sediments, while 
maximizing that of regional and long-distance grains that are wind-bome. 
----- ------------------
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Conversely, Akvaqiak Lake's situation, a mid dense copses of shrub Betula and near-
continuous tundra, collectively maximize the representation of local pollen grains in 
its sediments. We assume that these differences have persisted throughout the 
Holocene, implying that short-tenn climate oscillations of the past few millerumia 
have primarily impacted the structure of vegetation at the local scale of individual 
catclunents, with minimal attendant effects on extra-local pollen rain. These and 
other hypotheses remain to be tested more rigourously by means of analyses at higher 
stratigraphie resolution. 
1.6. Conclusion 
The compilation of 400 modem pollen assemblages encompassing lakes from 
northwestem Canada, northem Québec, the Canadian Arctic Archipelago, and 
Greenland bas allowed the development and testing of quantitative models relating 
arctic pollen to climate. In the course of this compilation, we noted considerable 
variability in pollen taxonomy and nomenclature that mandated an objective 
standardization of the data prior to inference model development. Despite the various 
difficulties inherent to high-latitude palynology, stemming principally from low or 
highly variable pollen production from tundra plants (Gajewski et al., 1995) and 
disproportionately large representation of long-distance grains, we have shown that 
quantitative reconstructions ofHolocene summer temperature and arumal 
precipitation trends are nonetheless tractable, enabling further inferences conceming 
seasonality and site-specifie characteristics with regards to pollen rectruitment. Both 
BMA and CA regression techniques proved effective, together yielding 
complementary trends fi·om two lakes with contrasting local vegetation. Different 
moisture and winter temperature regimes between the Greenland and Canadian Arctic 
Archipelago sites within the modem databae appear to limit BMA-based quantitative 
reconstructions for arumal precipitation, January air temperature, and annual air 
temperature. However, estimates of these varaibles remain possible with CA 
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regression. The most reliable reconstructions are those of July air temperature using 
the average between BMA and CA regression estimates for this parameter. 
Reconstructed climate and vegetation dynamics from Fog and Akvaqiak lakes 
indicated progressive mid- to late-Holocene cooling trend on northem Cumberland 
Peninsula, which is consistent with decreasing summertime insolation (Kerwin et al., 
2004). Concomitant increases of annual precipitation is also registered during the late 
Holocene, suggesting enhanced oceanic influences at the regional scale, in close 
agreement with the record of local glacier readvances (Dahl and Nesje, 1996; Nesje et 
al. , 2001). The close relationship between annual precipitation and January air 
temperature (r = 0.83) also implies that winter temperatures increased progressively 
during the late Holocene. Such a trend, in tum, suggests that the annual amplitude of 
air temperatures, or seasonality, has progressively decreased, especially since 3200 
cal. years BP. 
The long-term summer cooling trend since 8000 cal. years BP to the Little lee Age is 
punctuated by discrete intervals of shorter-term warming that are better expressed in 
the Akvaqiak Lake record, which is better resolved temporally. Sites such as Fog 
Lake, in which extra-local pollen sources are more evident, present more complacent 
pollen records when quantitatively translated to climate parameters using BMA and 
CA regression trans fer functions. These results indicate the rel ev ance of local site 
characteristics in shaping both catchment vegetation dynamics and the attendant 
composition of lake-sediment pollen assemblages. Despite earlier cautionary notices 
(Gajewski et al., 1995), our results reveal promise for arctic palynology and its 
applications to paleoclimatic reconstruction. For example, the inference methods 
developed from the 400 site modem lake sediments database appear sufficiently 
sensitive to address the climatic significance of fine-scale changes, in both space and 
time, expressed by arctic pollen assemblages. 
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• Rock desert : cushion forb , lichen and moss tundra 
• High Arctic tundra : prostrate dwarf-shrub tundra 
• Mid Arctic tundra : hemiprostrate dwarf-shrub tundra 
• Law Arctic tundra : erect dwarf-shrub tundra 
• Su ba retie tundra : law- and high-shrub tundra 
Boreal 
D Forest tundra 
• Northern taiga • Central taiga • Southern taiga Coastal - Mountain 




Figure 2. Major vegetation zones ofnorthem North 
America and Greenland synthesized from Young 
(1 971), Payette (1 983), Anderson et al . (1 989), 
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Figure 3. A. Location map of the 400 meteorological stations used for the interpolation of climate 
data to the modem pollen sites. B. Location map of the 400 modem pollen sites used for climate 
i nference mode) development. C. Comparisons between observed and interpolated climate data for 
the 400 stations. The x-axis shows estimates derived from weighted-averages of ali meteorological 
stations located within a 1 o· radius of latitude and longitude of each station's location. D. 
Comparisons between measured and pollen-inferred modem climate variable for the 400 lake sites, 
using the BMA mode!. The x-axis shows estimates from surface sediment pollen assemblages. In 
each case for C and D, linear correlation coefficients (r) and root mean squared errors (RMSE) provide 
measures of the accuracy of estimates. 
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Figure 4. A. Relationship between interpolated annual precipitation and July temperature 
for the 400 modern lake localities. B. Relationship between interpolated January and July 










































































































































































































































































































































































































































































































.3 60 j 55 
50 
._::,.• .... 
N,..:'tl? .. ---~-~ ··:. -~·-: . : 




... : .. ~' . 
. .. . . .,. : 
... 
45+-~--~~--~-,--~ 






1- 10 Subarctic 
Law Arctic 
.=; 5 -. ~~~t(:~ 
July T = 10.28 - 6.54;C; : is ~ 
0 r= -0.86 
-1.5 -1 -0.5 0 0.5 1 1.5 
CA axis 1 (24.1 %; 11,1 = 0.242) 
57 
. Figure 6. Correspondence analysis (CA) of the square-root transformed modern pollen assemblage 
· frequencies . A. Plot of CA sample scores on the first axis, ordered for each region as in Fig. 5, 
using distance joint plot scaling (site-conditional CA joint plot, i.e. scaling type 1) for which 
distances between pollen sites approximate their chi-square distances . Arrows illustrate concomitant 
increases of CA axis 1 sample scores with latitude within each region. B. Relationship between CA 
axis 1 site scores and latitude. C. Plot of CA axis 1 sample scores against July air temperature 
(Fréchette et al. , 2006). The horizontal dashed line separates subarctic (forest tundra) from low 
arctic (shrub tundra) sites, approximated by the 1 o·c July isotherm. 
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Figure 7. Canonical correspondence analysis (CCA) ordination biplots of the modem pollen 
assemblages, using correlation biplot scaling (taxa-conditional biplot, i.e. scaling type 2) for 
which distances between pollen taxa approximate their interspecific correlation. Biplots 
representing sites (and regions) and environmental variables (arrows) on CCA axes 1 and 2 
(A) and CCA axes 1 and 3 (C). 95% ellipses encircle each region. Biplots representing 
species (symbols) and environmental variables (arrows) on CCA axes 1 and 2 (B) and CCA 
axes 1 and 3 (D). Taxon codes are given in Table 1. For clarity, the lenghts of all arrows 
have been multiplied by either 3 (A, C) or 2 (B, D). Note that, in A and B, January air 
temperature and annual precipitation gradients are nearly perfectly superimposed. 
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Average SCO: 0.0516 
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Std dev: 0.0375 
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Max seo: 0.2301 
Skewness coef. : 1.7503 
Kurtosis coef.: 3.8229 
Regions FCD, NQ, JB, WC-1 , WC~2 (214 sites)- Grassland-Boreai-Subarctic zone 
. Vegetation type: Grassland to Subarctic shrub tundra 
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July air temperature (0 C) Squared chord distance (SCD) Squared chard distance (SCD) 
Figure 8. Relationships between vegetation ty pe and the frequency distribution of mean 
July air temperature values at the 400 modern sites (A), the 214 site subset representing 
grassland, boreal and subarctic biomes (D), and the remaining 186 arctic (tundra) sites (G) . 
. Similar plots are shown for the frequency distributions of pair-wise SCD dissimilarities 
between modern pollen assemblages (0.05 increments) for each of the total (B), grass land, 
boreal and subarctic (E), and arctic (H) subsets of the data. Between-biome differences 
underly the contrasting shapes of the curves in E and H. Final! y, frequency distributions of 
SCD for the first (closest) analogue (0.02 increments) are illustrated for ali sites (C) as weil 
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Figure 9. Age-depth curves for the Fog (A) and Akvaqiak (B) lake sediment 
cores. Fog's modelisa polynomial function of order 3 fitted to the available 
calibrated radiocarbon ages and Akvaqiak's model is a smoothed linear 
interpolation between the available calibrated radiocarbon ages. 
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Figure 10. Summary pollen diagrams from Fog (A) and Akvaqiak (B) lakes (analyst: Bianca 
Fréchette). Hollow curves are 1 Ox exaggerations of pollen relative frequencies. Pollen sums and the 
ordering of taxa are as in Fig. 5 (wam1er on left, colder on right). Spermatophyta concentrations 
include severa) taxa outside the 34 principal taxa that form the sum (n = 50 for Fog and 4 1 for 
Akvaqiak). Pteridophyta concentrations include ali spore types (n = 8 for Fog and 7 for Akvaqiak). 
SCO between adjacent assemblages are based on percentages of the 34 principal taxa, as are ROC 
values. Thickened !ines for SCO are 3-point moving averages. Horizontal !ines delimit major (solid) 
and miner (dashed) pollen assemblage zones. 
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A. Fog Lake (67°11' N, 63°15' W, 460 m a.s.l.) 
seo January T (OC) July T (°C) Annual P (mm) An nuaiT (°C) 
0,------, -24.5 ± 4.4 °C 4.r6T-±_1._7_°C'--------, 
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B. Akvaqiak Lake (66°47' N, 63°57' W, 17 m a.s.l.) 
seo January T (°C) July T (0 C) Annual P (mm) Annual T (°C) 
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Figure 11. Climate reconstructions from pollen assemblages in Fog (A) and Akvaqiak (B) 
lake cores, using the best modern analogue (BMA) technique. Dashed vertical !ines 
indicate modern values interpolated for each site, and values are given above the curves. 
Confidence intervals for each parameter correspond to the five best analogues in the 
modern data base, and are shown by gray shading. The SCD of the best analogues is given 
on the left of the diagram, indicating that all reconstruction fall well-within the adopted 
SCD threshold of 0.3 1. Horizontal !ines delimit pollen zonés as in Fig 10. RMSE for 
January air temperature is ±2.91 OC, ±1.02°C for July air temperature, ±1.45 OC for mean 
annual air temperature, and ±198.17 mm for annual precipitation. 
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Figure 12. Reconstruction of July air temperatures by correspondence analysis (CA) regression 
(black circle) and comparison with the same quanti ty reconstructed by the BMA method (white 
square) for Fog and Akvaqiak lake cores. The CA regression used is: July air temperature = 10.28-
(6.54xCA axis l sample score) . The thick black !ines represent consensus curves constructed by 
·averaging the CA and BMA reconstructions from each sample. The dark gray envelope is the 
confidence intervals for the CA-based reconstruction, representing ±1.98"C. The lighter envelope 
corresponds to the BMA reconstruction's confi dence interval as given in Fig. Il , corresponding to 
the five best analogues. Since each ofthese reconstructions reveals a progressive Holocene cooling 
trend, linear fi ts for each have been fi tted (dashed !ines) from 8000 to -300 cal. year BP. This 
amounts to July coo li ng in the order of O.TC (BMA), 0.6"C (CA), and O.TC (consensus) for Fog 










































































































































































































































































































































































































































































































































































































































































































































































































Table 1. List of pollen taxa retained in the 400 site modem lake-sediment pollen 
database, and their four-letter codes. Sorne of these taxa result from groupings and 
deJetions (Appendix A) , resulting in a 34 taxa total used throughout this study, for which 
summary statistics are also reported. Taxa that are exotic to the tundra biomes (low to 
high Arc tic) in arc tic Canada and Green land are indicated by *. 
Taxa Code Range of% Mean %± SD N 
Woody plants: trees + shrubs 
Abies* PABI 0 - 1.91 0.05 ± 0.20 47 
Alnus* BALN 0- 58.20 12.67 ± 11.99 391 
Betula BBET 0 - 71.20 16.80 ± 13 .39 396 
Cupressaceae CUPR 0-2.46 0.17 ± 0.37 125 
D1yas RDRY 0-4.97 0.21 ± 0.51 99 
· Ericales ERIC 0- 49.90 5.50 ± 8.67 322 
La rix* PLAR 0 - 1.55 0.10 ± 0.24 92 
Myrica * MMYR 0- 2.94 0.13 ± 0.34 112 
Picea* PPIC 0- 88.72 18.30 ± 20.44 372 
Pinus* PPIN 0- 86.86 8.48 ± 15.39 372 
Popu/us * SPOP 0- 1.34 0.06 ± 0.16 70 
Salix SSAL 0- 61.25 5.15 ± 6.67 376 
Shepherdia* ESHE 0- 1.15 0.03 ± 0.13 38 
Herbs 
Ambrosia* CAMB 0- 15.04 0.54 ± 1.21 192 
Apiaceae APIA 0- 1.69 0.02 ± 0.13 20 
Artemisia CART 0-40.24 1.70 ± 3.27 326 
Brassicaceae BRAS 0-11.18 0.43 ± 1.15 133 
Caryophyllaceae CARY 0- 3.93 0.34 ± 0.62 185 
Chenopodiaceae* CHEN 0-32.39 0.55 ± 2.78 157 
Crassulaceae CRAS 0-1.17 0.01 ± 0.09 13 
Cyperaceae CYPE 0- 89.00 16.61 ± 14.30 398 
Fabaceae FABA 0- 5.16 0.12 ± 0.37 94 
Onagraceae ONAG 0- 1.09 0.03 ± 0.12 42 
Oxyria/Rumex POXR 0- 35.56 2.09 ± 4.33 220 
Papaveraceae PPAV 0 - 7.69 0.15 ± 0.71 46 
Plantago PPLA 0- 1.32 0.04 ± 0.15 46 
Poaceae POAC 0-44.83 6.82 ± 7.30 383 
· Polygonaceae POLY 0- 1.72 0.06 ± 0.22 44 
Ranunculaceae RANU 0- 12.24 0.36 ± 1.25 145 
Rosaceae ROSA 0- 6.92 0.53 ± 0.87 250 
Saxifragaceae SAXI 0- 13 .86 0.99 ± 2.09 168 
Scrophulariaceae SCRO 0- 1.72 0.04 ± 0.18 40 
Thalictrum RTHA 0-20.66 0.27 ± 1.73 51 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3. Enviromnental characteristics of the modem lake sediment sites, 
given by summary statistics for each of the represented regions. Grass land, 
boreal, and subarctic sites include WC-1 , WC-2, JB, NQ, and FCD. Arctic 
tundra sites include WC-3 , G, B, A. 
Region and Altitude Annual P Annual T January T July T 
Statistic m asl mm oc oc oc 
WC-1 (11- 47) 
Min 180 283 .82 -4.68 -27 .69 13.17 
Max 2000 603 .85 5.05 -6.24 18.18 
Mean 802 453 .88 1.44 -14.99 15.79 
SD 386 78.0 1 2.62 6.17 1.07 
WC-2 (11 = 73) 
Min 10 121.71 - 11.56 -27.69 7.45 
Max 620 327.78 -4.14 -24.33 15.95 
Mean 162 209 .88 -8 .96 -26.6 1 11 .5 1 
SD 137 43.10 1.76 0.81 2.25 
WC-3 (11 =38) 
Min 35 148.19 - 13.57 -29.61 6.75 
Max 610 167.68 - 11 .49 -27.49 8.20 
Mean 279 160.49 -12.48 -28 .66 7.65 
SD 153 4 .57 0 .65 0.79 0.30 
JB (11 = 18) 
Min 130 726 .85 -2.18 -21 .89 13.44 
Max 340 868.73 0.72 -1 7.75 16.49 
Mean 234 821.33 -0.26 -19.02 15.63 
SD GO 42.40 0.89 1. 18 0.81 
NQ (11 =51) 
Min 84 945 .96 0.67 - 17.47 16.38 
Max 579 556.86 -6.06 -24.1 5 10.6 1 
Mean 305 780.22 -2.43 -20.95 13.74 
SD 155 109.59 2.31 2.49 2.00 
FCD (11 = 25) 
Min 50 454.83 -8 .30 -25.14 8.75 
Max 5 12 866.55 -0.89 - 18.90 15.06 
Mean 222 664.34 -4.63 -22.68 12.09 
SD 99 124.37 2.35 1.88 2.03 
G (11 =58) 
Min 0 151.21 -16.19 -29.01 3.45 
Max 400 2470. 11 0.88 -4. 11 10.19 
Mean 73 1046.44 -1.21 -8 .00 7.28 
SD 70 583.54 3.54 5.01 1.57 
B (11 = 67) 
Min 0 193.07 -15 .05 -32.24 4.37 
Max 755 543 .76 -8 .06 -24.15 8.59 
Mean 23 1 320.23 -11.78 -26.74 5.92 
SD 208 80.30 1.7 1 2.26 1.07 
A (11 = 23) 
Min 16 8 1.22 -19.54 -36.83 4.41 
Max 305 190.06 -12.47 -30.62 9.05 
Mean 135 139.83 -16.17 -33.43 6.23 
SD 77 32.20 2.04 1.85 1. 29 
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Table 3. (suite) 
Region and Altitude Annual P Annual T January T July T 
Statistic m asl mm oc oc oc 
Ali (11 - 400) 
Min 0 81.22 -19.54 -36.83 3.45 
Max 2000 2470.11 5.05 -4. 11 18. 18 
Mean 271 498.25 -6.34 -21.85 10.30 
SD 278 390.69 5.92 8.03 3.93 
Grassland, boreal and subarctic sites (11 = 214) 
Min 10 121.71 -11.56 -27.69 7.45 
Max 2000 945 .96 5.05 -6.24 18. 18 
Mean 350 503.91 -3.88 -2 1.6 1 13.40 
SD 326 258.16 4.61 5.43 2.56 
Arctic sites (11 = 186) 
Min 0 81.22 -1 9.54 -36 .83 3.45 
Max 755 2470.11 0.88 -4.11 10.19 
Mean 180 491.74 -9. 17 -22.12 6.74 
SD 170 502.39 6.01 10.25 1.38 
----- ·---------------------------------------------------------------------------------------------
Table 4. Summary of CA and CCA results on the 400 modem pollen 
assemblages. 
CA (34 taxa) 
Eigenva1ues (A) 0.242 
%variance exp1ained 24.1 
CCA (34 taxa, 7 environmental predictors) 
Eigenvalues (A) 0.208 
%variance explai.ned (taxa data) 20.7 
%variance explained (taxa-environment) 55.1 
Species-environment correlation 0.933 
p -value (999 Monte Carlo permutations 0.001 
with Bonferroni adjustement) 
Sum of all unconstrained A (total inertia): 1.006 











Table S. Ranking of the 7 environmental variables in terms of the importance by their 
marginal and conditional effects derived from forward selection in CCA. The series 
of CCAs used each environmental variable as the sole constraining variable (marginal 
effect). July temperature and latitude produced the highest canonical eigenvalues, 
annual precipitation the lowest. After forward selection of the best environmental 
variable (July temperature) , remaining environmental variables are ranked through a 
further series of CCAs with each being altemately chosen as the sole additional 
variable, thereby yielding the variables conditional effect beyond that already 
accounted for by July temperature. In this configuration, latitude falls from second to 
fourth, because a large part of its effect is already explained by July temperature. 





p -value cum(À.) 
July T 0.182 July T 0.182 0.001 0.182 
Latitude 0.136 January T 0.056 0.001 0.238 
Annual T 0.107 Altitude 0.052 0.001 0.290 
Altitude 0.086 Latitude 0.038 0.001 0.328 
Longitude 0.064 Longitude 0.024 0.001 0.352 
January T 0.057 Annual P 0.017 0.001 0.369 
Annual P 0.048 Annual T 0.008 0.001 0.377 
À1, fit (eigen value with variable j only) 
"-a: additional fit (increase in eigenvalue) 
cum(À.): cumulative total eigenvalues "-• 
p -value: significance leve! of the effect obtained from Monte Carlo permutations und er 
the reduced mode! with 999 random permutations 
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Table 6. Intra-set correlation matrix between CCA axes 
1-3 and the 7 environmental variables, for the 400 sites -
34 taxa of the modem pollen data base. 
Enviromnent Envirorunent Enviromnent 
Variable axis 1 axis 2 axis 3 
Annual P -0.123 -0.811 0.028 
January T -0.127 -0.795 0.500 
JulyT -0.927 -0.127 -0.015 
Annua1 T -0.584 -0.683 0.357 
Longitude 0.321 -0.706 0.205 
Latitude 0.728 0.542 -0.366 
Altitude -0.490 0.372 0.715 
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Table 7. A simple validation test of the BMA 
method conceived to assess the extent of spatial 
autocorrelation and its potential implications with 
regards to overestimating confidence in BMA-
inferred climate reconstructions. Ali 16 estimates are 
based on the 5 best analogues and on modem data, 
but for 4 configurations: 400 reference sites (N) 
producing 400 inferences (n), 300 reference sites (N) 
producing 100 inferences (n), 200 reference sites (N) 
producing 200 inferences (n) and 100 reference sites 
(N) yielding 300 inferences (n). Although RMSE 
values increase as N is lowered, correlation 
coefficients do not decline dramatically. 
Parameter r 
First configuration: N = 400, n = 400 
July T 0.97 
Annual T 0.95 
January T 0.93 






Second configuration: N = 300, n = 100 
July T 0.97 0.89 oc 
Annual T 0.95 1.85 oc 
January T 0.93 2.93 oc 
Annual P 0.84 219.61 mm 
Third configuration: N = 200, n = 200 
July T 0.96 1.03 °C 







Fourth configuration: N = 100, n = 300 
July T 0.96 1.12 °C 
Annual T 0.92 2.37 °C 
January T 0.88 3.78 °C 
Annual P 0.80 232.34 mm 
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Table 8. CoiTelation matrices between the interpolated climate variables estimated 
for the complete suite of sites, as well as for the 2 major phytogeographie 
subdivisions considered separately. 
Variable 1 Annual P January T Jul~T Annual T Lon~itude Latitude 
Ali vegetation zones (400 sites) 
Annual P 1.000 
January T 0.755 1.000 
JulyT 0.160 0.254 1.000 
Annual T 0.678 0.868 0.674 1.000 
Longitude 0.654 0.508 -0.294 0.305 1.000 
Latitude -0.605 -0.674 -0.692 -0.899 -0.334 1.000 
Altitude -0.059 0.196 0.417 0.347 -0.238 -0.432 
Grassland, boreal and subarctic zones (212 sites) 
Annual P 1.000 
January T 0.529 1.000 
JulyT 0.525 0.707 1.000 
Arumal T 0.681 0.933 0.852 1.000 
Longitude 0.917 0.311 0.246 0.459 1.000 
Latitude -0.817 -0.861 -0.685 -0.924 -0.694 1.000 
Altitude 0.160 0.771 0.398 0.637 -0.026 -0.565 
Arctic tundra zone (186 sites) 
Annual P 1.000 
January T 0.831 1.000 
JulyT 0.135 0.292 1.000 
Atmual T 0.805 0.986 0.404 1.000 
Longitude 0.651 0.751 -0.176 0.706 1.000 
Latitude -0.731 -0.833 -0.260 -0.870 -0.734 1.000 
Altitude -0.324 -0.358 0.081 -0.320 -0.365 0.199 
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Résumé 
Les séquences sédimentaires de trois lacs du moyen arctique de la péninsule de 
Cumberland sur la Terre de Baffin dans 1' Arctique canadien montrent deux unités de 
sédiments organiques (gyttja) inégalement superposées. L'unité supérieure 
représente la sédimentation holocène. L'unité inférieure est d'âge pré-Holocène. Des 
mesures radiocarbones obtenues sur des macrofossiles aquatiques indiquent un âge > 
50 ka BP pour l'unité inférieure. Des mesures par luminescence sur deux des trois 
séquences permettent de préciser le moment de sa sédimentation, qui a eu lieu entre 
90 et 130 ka BP, i.e. lors du dernier interglaciaire. Les spectres polliniques de ces 
séquences sédimentaires ont servi à reconstituer la végétation et le climat de 
1 'Holocène et du dernier interglaciaire. Pour chacune des séquences, les sédiments 
interglaciaires montrent de très fortes concentrations polliniques ainsi qu'une 
représentation élevée du pollen d'arbustes (Betula et Alnus) par rapport aux sédiments 
holocènes sus-jacents. Des comparaisons entre les assemblages polliniques fossiles 
et 400 assemblages polliniques modernes de sédiments de lacs des hautes latitudes 
révèlent le caractère bas arctique de la végétation du dernier interglaciaire dans le 
centre-est de la Terre de Baffin, comparable à celui de la végétation actuelle du sud-
ouest du Groenland. L'application de deux méthodes de reconstitution climatique, 
soit une régression linéaire issue d'une analyse factorielle des correspondances et la 
teclmique des meilleurs analogues modernes, permet de retracer des températures de 
juillet du dernier interglaciaires de 4 à 5°C plus élevées que les températures actuelles 
sur la côte est de la Terre de Baffin. De telles conditions furent sans doute plus 
chaudes que celles de tout l'Holocène. Nous associons ainsi l'unité organique 
inférieure de ces trois lacs à l'optimum climatique du dernier interglaciaire, ca. 117 à 
130 ka BP (stade isotopique marin Se). 
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Abstract 
Sediment cores recovered from three mid-arctic lakes on Cumberland Peninsula, 
eastern Baffin Island, Arctic Canada, contained two units ofunconformably 
superimposed organic sediment (gytjja), the upper ofwhich represented 
sedimentation during the Holocene. Radiocarbon ages on aquatic macrofossils from 
the lower gyttja suggested it to be >50 ka BP, while luminescence ages from two 
cores constrained the age of this sediment to >90 ka BP and <130 ka BP, that is, 
encompassing the last interglacial. Pollen spectra from these cores were used to 
reconstruct past vegetation and climate of the Holocene and last interglacial. In each 
core, last interglacial sediments yielded remarkably high pollen concentrations, and 
included far greater percentages of sluub (Betula and Alnus) grains than did overlying 
Holocene sediments. Numerical comparisons of fossil pollen assemblages to a data-
set of 400 modem high-latitude lake sediment samples revealed that the last 
interglacial vegetation of east-central Baffin Island was Low Arctic in character, 
comparable to present-day southwest Greenland. From applications ofboth 
correspondence analysis regression and best modem analogue methodologies, we 
infer July air temperatures of the last interglacial to have been 4 to 5°C warmer than 
present on eastern Baffin Island, which was warmer than any interval within the 
Holocene. On these grounds, we ascribe the lower lacustrine unit in these lakes to the 
climatic optimum of the last interglacial, ca. 117 to 130 ka BP (Marine Isotopie Stage 
Se). 
Keywords: Arctic, Pollen, Last interglacial, Paleoclimate, Baffin Island 
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2.1. Introduction 
The Arctic is both highly responsive to climate variability, and directly involved in 
severa! key processes that mediate climate change. Consequently, there is a need to 
refine our understanding of arctic climate dynamics, including a quantitative 
assessment of past intervals of relative wannth. Pollen grains preserved in lake 
sediments are a useful proxy for reconstructing vegetation and climate. Lakes 
situated at sensitive ecotonal boundaries, such as the Low to Mid Arctic bioclimatic 
zone, are ofparticular interest because small changes in climate can induce relatively 
large vegetational changes that are discemible in the pollen record ( e.g., Barbour et 
al., 1998). 
The last interglacial periodsensu lata (Marine Isotope StageS; MISS), 7S-130 ka 
before present, is considered an interval of relative warmth throughout the circum-
Arctic region. A compilation of qualitative climate proxies from deep-sea sediments, 
ice cores, and terrestrial near-shore sequences (LIGA members, 1991) revealed 
conditions about 4°C warmer than present in northeastem Canada and Greenland for 
the early warmest portions of the last interglacial (sensu stricto), ca. 11S-130 ka BP 
(MIS Se). Plant macrofossil and fossil insects from east-central Greenland indicate 
that mean summer air temperatures were about S°C above present (Bennike and 
Bûcher, 1994). The NorthGrip ice core in Greenland reveals the most detailed arctic 
climate history for the last interglacial, indicating mean temperatures 5°C warmer 
than present (NGRIP members, 2004). A quantitative pollen-based climate 
reconstruction from Bol'shoy Lyakhovsky Island in the Laptev Sea (Siberia), 
suggests that mean July air temperatures were 4 to S°C higher than present during the 
Eemian climatic optimum (Andreev et al. , 2004a). However, similar analyses are 
currently lacking for the eastern Canadian Arctic. 
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Over the last decade, pre-Holocene lacustrine sediments have been raised from a 
number of lakes on Baffin Island, Arctic Canada (Wolfe and Hart ling, 1996; Steig et 
al., 1998; Miller et al., 1999; Wolfe et al., 2000). Although a handful of studies have 
qualitatively addressed the climate of Baffin Island during the last interglacial using 
pollen, diatoms, and sediment lithostratigraphy (Miller et al., 1977; Miller et al., 
1999; Wolfe et al., 2000), the present investigation is a first attempt to quantitatively 
reconstruct last interglacial July air temperatures for this region. We report detailed 
last interglacial pollen records from three lakes on Cumberland Peninsula, eastern 
Baffin Island, situated close to the Low-Mid Arctic ecotonal boundary. We then 
compare Holocene and last interglacial vegetation and climate histories, revealing 
that a northward expansion of Low Arctic vegetation occurred over the Cumberland 
Peninsula during the last interglacial, but was not repeated at any time in the 
Holocene. 
2.2. Study area 
Severa! small upland lakes on Cumberland Peninsula (Baffin Island, Nunavut 
Territory, Canada) contain weakly-stratified, organic-rich lacustrine sediments that 
underlie Holocene gyttja, and are at or beyond the range of radiocarbon dating 
(Wolfe, 1994; Steig et al., 1998; Wolfe et al., 2000; Miller et al., 2002; Wolfe et al., 
2004). The two organic (gyttja) units are comrnonly, but not universally, separated 
by more strongly stratified and dominantly minerogenic sediments. Cores from three 
ofthese lakes (Fig. 1) were selected for pollen analysis based on the overalllength 
and quality oftheir pre-Holocene organic sediments. Amarok Lake (66° 16'N, 65° 
45'W, 848 rn altitude, 700 rn x 100 rn, 14.5 rn water depth at coring site) is on 
southwestem Cumberland Peninsula imrnediately north ofPangnirtung Fiord. Fog 
Lake (67° 11 'N, 63° 15'W, 460 rn altitude, ca. 170 x 140 rn, 9.5 rn water depth at 
coring site) and neighbouring Brother-of-Fog Lake 11 km to the northwest (67° 
11.5'N; 63 ° 08'W; 360 rn altitude, ca. 350 x 500 rn, 16.0 rn water depth at coring 
site), are situated on the peninsula between Kangert and Padle fiords on northem 
Cumberland Peninsula, about 145 km from Amarok Lake (Fig. 1). 
The nearest community to Amarok Lake, Pangnirtung, has a mean annual air 
temperature of - 8.9°C (July mean: 7.5°C; January mean: -26.3°C), and a mean 
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ammal precipitation of396 mm, ofwhich 56% falls as snow (Maxwell, 1980). 
Because of its altitude, Amarok Lake experiences calder and moister conditions, and 
consequently the vegetation around the lake is limited to a sparse Cassiope tetragona-
Salix-1ichen tundra. Betula is locally absent. The estimated mean July air 
temperature at Amarok lake is approximately 5-6°C. 
The climate of northem Cumberland Peninsula is more severe. At Broughton Island 
(North Warming Station Fox 5; 67° 32'N, 63° 47'W, 584 rn altitude), 40 km 
northwest ofFog and Brother-of-Fog lakes, mean annual air temperature is -11.8°C 
(July mean: 4.4°C; January mean: -24.8°C), and mean annual precipitation is 262 
mm, 85% falling as snow. Precipitation increases dramatically eastward along the 
coast so that at Cape Dyer (66° 34'N, 61 o 37'W, 393 rn altitude), 100 km east of the 
lakes, mean annual precipitation is 603 mm (94% as snow, mean annual air 
temperature: -11.0°C; July mean: 5.3°C; January mean: -24.2°C) (Enviromnent 
Canada, 2004). Vegetation around Fog and Brother-of-Fog lakes is typical of the 
Middle Arctic Zone (Young, 1971), with sparse vascular plant caver and few woody 
taxa. Betula is currently absent from the local vegetation. However, at the heads of 
Padle and Kangert fiords, 50 km to the west of the lakes, isolated outlier populations 
ofprostrate dwarfbirches (Betula nana, B. glandulosa) occur in the valley floor. 
Green aider (Alnus crispa) does not occur on Baffin Island today, nor does it appear 
to have at any time in the Holocene. We estimate mean July air temperature at Fog 
and Brother-of-Fog lakes to be similar to the one at Broughton Island, which is 4 to 
5°C. 
2.3. Metbods 
2.3 .1. Sediment coring and chronology 
The three lake sediment cores (7 cm diameter) were obtained in May of 1996 and 
1998 from lake ice using a sledge-mounted percussion coring system capable of 
penetrating dense inorganic sediments (Nesje, 1992). Whole-core magnetic 
susceptibi1ity (MS) was measured with a portable Bartington loop in the field and 
again prior to core splitting, logging, and sub-sampling in the laboratory. 
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The geochronology ofFog Lake sediments was discussed by Wolfe et al. (2000), that 
ofBrother-of-Fog Lake by Miller et al. (2002), and that of Amarok Lake by Wolfe 
(1996). However, many ofthese results were provisional and are supplemented by 
data reported here. For accelerator mass spectrometry (AMS) 14C dates, we targeted 
either bryophyte macrofossils (principally Warnstorfia exannulata leaves and stems), 
or sediment humic acid extracts. Miller et al. (1999) demonstrated that the average 
14C activity ofmosses living in non-carbonate Baffin Island lakes was 
indistinguishable from that of the contemporary atmosphere, implying atmospheric 
equilibration with respect to carbon and suitability for 14C dating. The accuracy of 
humic acid dates in this region depends principally on sources of ancient dissolved 
organic carbon in lake catchments (Wolfe et al. 2004). 
However, because the lower gyttja in these lakes has proven close to, or beyond, the 
interpretable range of AMS 14C dates (Table 1), we also applied luminescence dating 
of the fine-grain polymineral fraction to estimate the age of these sediments in Fog 
and Brother-of-Fog lakes. In Fog Lake, sections of 14C-dated Holocene gyttja were 
also dated by luminescence to verify the completeness of solar resetting of minerais 
present in organic-rich sediments. 
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2.3.2 . Pollen analysis 
The cores (Amarok Lake, 205 cm; Fog Lake, 137 cm; and Brother-of-Fog Lake, 187 
cm) were sub-sampled at intervals ranging from 0.5 to 10 cm, with the densest 
sampling applied to the lower organic sediments. This resulted in 71 , 49, and 27 
pollen samples from Fog, Amarok and Brother-of-Fog lakes, respectively. Holocene 
sediments were not analyzed from Brother-of-Fog Lake. From each level, 2.0 cm3 of 
fresh sediment were processed for pollen using standard techniques including 
dispersion with KOH, digestion with HF and HCl, and acetolysis (Faegri and Iversen, 
1975). Residues were stained with fuschin, motmted in glycerine, and examined 
microscopically using at 400x and 1 OOOx. Pollen concentrations were determined by 
spiking with Eucalyptus pollen grains prior to processing (Benninghoff, 1962). The 
basic sum used for relative frequency calculations included all spennatophyte taxa. 
Although pteridophyte spores were excluded from the basic sum, their representations 
were expressed as relative frequencies in relation to the basic sum. Pollen and spores 
were identified with reference to the keys of Richard (1970), McAndrews et al. 
(1973), and Moore et al. (1991), as well as modem pollen slides archived at the 
Laboratoire Jacques-Rousseau, Université de Montréal. 
The palynological richness of fossil samples was estimated by means of rarefaction 
analysis (Birks and Line, 1992), using the 3Pbase software (Guiot and Goeury, 1996). 
Rarefaction analysis provides unbiased estimates oftaxonomic riclmess for a 
standardized sample size (i.e. grain count), using a random selection without 
replacement strategy. The method produces robust estimates of the expected nurnber 
of taxa (E(Tn)) for the smallest pollen sum (n) in the studied sequence. Rarefaction 
analysis was performed on the raw counts oftotal assemblages, including bath 
spermatophyte and pteridophyte taxa. 
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The equatorial diameter of Betula pollen grains was measured systematically in order 
to ascertain whether they originated from shrub or tree species involved (Birks, 1968; 
Richard, 1970; Prentice, 1981 ; MakeHi, 1996; Caseldine, 2001 ). Diameters were 
measured in polar view as the distance between the outer layer of the exine and the 
bottom of the opposite pore. For most samples, at least 100 non-folded Betula grains 
were measured. Because glycerine-mounted slides induce swelling of pollen grains 
(Andersen, 1978), these measurements were done as soon as possible following 
sample preparation (i.e., within one month). For reference, Betula pollen from 
surface sediments of a lake surrounded by luxuriant populations of B. nana and B. 
glandulosa had diameters in the 17-21 Jlm range. 
2.3 .3. Paleoclimate reconstruction 
2.3.3.1. Modem pollen database 
In North America and Greenland, modern pollen assemblages from Low Arctic shrub 
tundra are typically dominated by Betula, Ericales, A/nus, Picea and Pinus 
(Fredskild, 1973, 1983, 1992; Gajewski et al., 1993, 2000; Kerwin et al., 2004; 
Richard, 1981 ; Ritchie and Lichti-Federovich, 1967; Short et al., 1985). In the 
eastern Canadian Arctic, the latter three taxa are exotic and thus represent long-
distance wind-borne transport from southern source areas. However, shrub A/nus 
cunently grows in south-western Greenland, north-western and north-central Canada, 
and on the Alaskan north slope (Fredskild, 1996; Ritchie et al., 1987; Oswald et al., 
2003). Middle Arctic herb tundra vegetation is characterized by Ericales, Cyperaceae 
and Salix (Fredskild, 1973, 1983, 1985; Gajewski, 2002; Kerwin et al. , 2004; 
Richard, 1981 ; Ritchie and Lichti-Federovich, 1967; Short et al. , 1985). Sparser high 
arctic herb tundra and polar desert are characterized by Poaceae, Sa/ix and minor 
contributions from diverse herb pollen such as Caryophyllaceae, Papaveraceae, 
Ranunculaceae and Saxifragaceae (Fredskild, 1973; Gajewski, 1995, 2002; 
Hyvarinen, 1985; Kerwin et al., 2004; Short et al. , 1985; Gajewski and Frappier, 
2001). 
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Although these relationships have been known for sorne time, they have not been 
formalized adequate} y for paleoclimatic reconstructions of the last interglacial on 
Baffin Island. To this end, modem pollen assemblages from 400 sites north of 50°N 
latitude were collated, representing north-western Canada (n=120), northem Québec 
(n=94), the Canadian Arctic Archipelago (n=128), and Greenland (n=58). This 
provided a new modem pollen database restricted entirely to lake surface sediments. 
Raw data originated from both published (Fredski1d, 1973, 1983, 1985, 1992; 
Gajewski, 1991, 2002; Kerwin, 2000; Kerwin et al., 2004; Richard, 1979; 1981; 
Ritchie, 1974; MacDonald and Ritchie, 1986; Ritchie et al. , 1987; Richard et al., 
1991; Sandgren and Fredski1d, 1991) and unpublished sources (B. Fréchette; B. 
Fredskild; J.C. Ritchie). 
Among the 159 pollen taxa reported by these authors, severa] taxonomie groups were 
harmonized to ensure a standardized and consistent taxonomie resolution. This 
resulted in a sub-total of 63 taxa. Thereafter, all taxa that never exceeded 1% of the 
sum in any one sample were also omitted, resulting in the final inclusion of 34 taxa in 
the modem database (Table 2). These taxa may all be unambiguously associated with 
fossil representatives preserved in lake sediments. 
Ideally, when using pollen data for paleoclimatic inferences, one assumes that most 
of the observed pollen originates from plants living in proximity to the lake. 
However, long-distance wind-blown pollen produced by boreal taxa are consistently, 
and at times strongly, registered in arctic assemblages in propotiions that are 
functions ofboth the distance from the source and the degree of dilution by locally-
produced pollen. Because both of these factors potentially relate to climate, long-
distance taxa were included in the modem database. Furthermore, for the crucial taxa 
84 
Betula and A/nus, it is difficult to differentiate palynologically the local presence of 
scattered individuals from dense distant populations. 
2.3.3.2. Climate interpolations for the modern reference sites 
A major hindrance to developing a pollen database for paleoclimatic reconstructions 
is obtaining meaningful estimates of climatic parameters to associate with individual 
modern pollen samples. This problem is exacerbated in the Arctic, where 
meteorological stations are few. For this study, climatic parameters for the 400 sites 
were estimated by weighted-averaging of the closest available meteorological station 
data, using 3Pbase software (Guiot and Goeury, 1996). Modern climate parameters at 
the three fossil sites were also estimated this way. The interpolated climatic data 
originated from averaged measurements at a total of 400 meteorological stations in 
Alberta (n=146), Yukon (n=19), NWT and Nunavut (n=52), Ontario (n=68), 
Newfoundland (n=12), Québec (n=79), and Greenland (n=24) (Environment Canada, 
2004; Cappelen et al., 2001). The data sets included thirty years of climate 
measurements. Climate observations of the period 1971-2000 were used for most of 
the stations (n=361). The period 1961-1990 was used for the remainder (n=39). The 
duration of these climatic records was directly comparable to the time represented by 
the surface sediments (typically 0-1 cm) collected from northern lakes, given that low 
sediment accumulations rates were the norm (Wolfe et al. , 2004). Moreover, multi-
decadal integrations ofboth climatic and biological data reduced the effects of short-
term variability within both systems, allowing for the reconstruction of average 
conditions from sediment sample that, similarly, represent severa! decades of 
accumulation. The estimated climatic parameter, c0 , for a modern pollen site, o, was 
given by the weighted-average of aU the meteorological stations, k, at a distance, dok, 
less than or equal to a radius of 10°, R, from the site (Guiot, 1987), as given by: 
Co = (LkCkldok)/(''Lklldok) 
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and 
dok = ((xo -Xk)2 + (yo- Yd) 112 
where xk, Yk and ck represent the longitude, latitude, and measured climatic variables 
at each meteorological station, k = 1 to m (m=400), respectively. The robustness of 
these interpolations was assessed by comparisons of observed and estimated values 
for each meteorological station' s locality. Observed versus estimated relationships 
produced root-mean-squared error of prediction (RMSEP) ±1.25°C (r=0.98) for mean 
annual air temperature, ±1.22°C (r=0.96) for July air temperature, ±2.13°C (0.95) for 
January air temperature, and ±119.10 mm (r=0.93) for annual precipitation. Thus, the 
modem environrnental gradients embraced by the 400 modem pollen localities were -
19.4 to 5.1 oc for mean annual air temperature, 3.5 to 18.2°C for July air temperature, 
-36.8 to -4.1 °C for January air temperature, and 81 to 2470 mm for mean ammal 
precipitation. 
2.3.3.3. Correspondence analysis and canonicat COlTespondence analysis 
Correspondence and canonicat correspondence analyses (CA and CCA) were used to 
explore the relationships between the 400 modem pollen assemblages and climatic 
parameters. Both techniques exploit unimodal (Gaussian) ordination, as either 
indirect (CA) or direct (CCA) gradient analysis (ter Braak and Prentice, 1988). Thus, 
while the CA is restricted to mahix of 34 taxa and 400 sites, the CCA constrained an 
identical matrix to linear combinations of the following variables: latitude, longitude, 
altitude, mean annual air temperature, July air temperature, January air temperature, 
and mean annual precipitation. Prior to ordination, relative frequencies of the 34 
included taxa were square-root transformed, and rare taxa were not down-weighted. 
On the ordination plot the 400 modem sites were grouped into nine geographical 
regions: western Canada (WC), James Bay (JB), northem Quebec (NQ), Fort Chimo 
- Diana Bay (FCD), Baffin Island (B), Arctic islands (A), and Greenland (G). 
Following initial ordinations restricted to modem samples, fossil assemblages were 
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entered passively, that is, projected onto the ordination space defined by the modem 
samples without influencing the analysis in any other way. This allowed the fossil 
samples to be viewed graphically alongside the most similar assemblages from the 
modem database. CA and CCA were implemented with CANOCO v. 4 (ter Braak 
and Smilauer, 1998). 
2.3 .3.4. Best modem analogues 
The best modem analogue (BMA) technique assumes that modem samples with a 
pollen assemblage similar to a fossil assemblage were produced by similar vegetation 
and, by inference, under similar climatic regimes (Overpeck et al., 1985; Guiot et al. , 
1989; Anderson et al., 1989; Guiot, 1990; Andreev et al., 2003 , 2004b; Jackson and 
Williams, 2004). Similarity between fossil and modem assemblages was assessed 
using the squared-chord-distance (SCD) dissimilarity metric (Overpeck et al., 1985; 
Gavin et al., 2003). The SCD (d) between fossil (t) and modem (i) pollen 
assemblages were calculated based on differences in the relative frequencies (p) of 
each taxon (j = 1 tom; m=34) as follows: 
dit= L:')((pij)l/2- (ptj)l /2)2 
Values of SCD can vary between 0 and 2, with larger values indicating grater 
dissimilarity. Overpeck et al. (1985), using 1618 sites with altemately 15 and 40 
taxa, showed that an SCD below 0.12 indicates that a modem analogue exists, but 
that an SCD of 0.15 remains applicable in situations where poorer analogues are 
found. Anderson et al. (1989), using 303 modem sites and 25 taxa, proposed SCD 
thresholds of0.095, 0.185 and 0.400 for 'good analogues', 'analogues', and 'possible 
analogues' , repsectively. The threshold SCD produced by 3Pbase software (Guiot 
and Goeury, 1996) was different because it exploited Monte Carlo simulations of the 
modem data, whereby modem assemblages were successively extracted at random 
from the population with replacement, and the best-fitting assemblage is obtained 
(Guiot et al., 1989; Guiot, 1990). This was repeated s times, providing s best 
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analogues from which confidence intervals are calculated. Here, we retained the five 
best analogues for each fossil assemblage. The distance between pairs randomly . 
taken in the modem database averaged 0.62, with an average deviation of 0.31. The 
average minus average deviation gave the adopted threshold for SCD of0.31 for the 
400 modem sites and 34 taxa. The reconstructed July air temperature for a fossil 
assemblage t (r,) (Guiot et al. , 1989) was indexed by the July air temperature of the 5 
best modem analogues: 
r1 = (L.,c/dc?)l'L,(lldtl) 
The accuracy of reconstructions was given by the SCD values of the first and the fifth 
analogues, which were fitted around the reconstructed July air temperature curve. If 
the distance of the closest analogues was higher than the threshold, no reconstruction 
is attempted. 
The overall reliability of the BMA approach was evaluated by estimating the modem 
climate of the reference sites based on their own pollen assemblages. Observed 
versus estimated modem July air temperature produced root-mean-squared error of 
prediction (RMSEP) of ±1 .02°C (I-0.97), which was lower than the RMSEP for the 
climatic data themselves. This high degree of accuracy suggested that the inclusion 
of long-distance pollen taxa in the modem pollen database was entirely justified and 
likely advantageous. 
2.4.0. Results and interpretation 
2.4.1. Sediment stratigraphy and chronology 
The lithostratigraphy of the three cores revealed broad similarities (Figs. 2A, 3A, 
4A). Although the basal minerogenic units differed slightly between lakes, from 
diamict in the Fog Lake core to stony lacustrine sediment in the other cores, in all 
cases these facies related to de glaciation of the uplands prior to the last interglacial 
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(Steig et al. 1998). These deglacial sediments were overlain by compacted, de-
watered gyttja with low magnetic susceptibility signatures. Aquatic masses were 
common in this material. In the Fog and Brother-of-Fog lake cores, this lower gyttja 
was capped by a stratified minerogenic unit, which in tum was overlain by Holocene 
gyttja. In the Amarok Lake core, Holocene gyttja unconfonnably overlay the older 
organic sediments directly. In both the Brother-of-Fog and Amarok lake cores, the 
lowermost Holocene gyttja was black with distinctive laminations of siderite 
(FeC03), implying a chemically-reducing sedimentary environrnent (Wolfe and 
Smith 2004). These reduced zones were in tum overlain by faintly stratified to 
massive olive gyttja. 
Relevant radiocarbon dating results are reported in uncalibrated 14C years BP. The 
finite dates from the lower gyttja reported in Table 1 must be viewed, conservatively, 
as minimum ages . This is because finite dates in the 37-60 ka BP range have been 
obtained on both Baffin Island lake sediments that are demonstrably older on the 
grounds ofluminescence ages (Miller et al., 1999), as weil as on 14C free alanine 
blanks (Wolfe et al. , 2004). Stratigraphie and palynologie correlations strongly 
implied that the lower gyttja was broadly coeval in each ofthe lakes, so that, given 
the non-finite 14C results from Fog Lake (Table 1), it was safely assumed that each of 
these units (A-I, F-III, B-Ill) was deposited prior to 50 ka BP. 
Infrared-stimulated luminescence dates from the lower gyttja in Fog Lake (Unit F-III) 
produced ages of 94±8 to 96±8 ka BP (n=4 ), which were possibly minimum ages 
(Wolfe et al. 2000). Adequate zeroing of the luminescence signal was suggested by 
comparisons to lithologically-similar sediments ofHolocene age. However, further 
luminescence ages from the lower gyttja in Brother-of-Fog Lake (Unit B-Ill) yielded 
maximum limiting ages of < 122 ka BP and < 145 ka BP, rather than clear finite ages. 
In contrast to Fog Lake, there was clear evidence of incomplete solar resetting in the 
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sediments ofBrother-of-Fog Lake, indicating the presence of a population of charges 
stored in deep, thermally-stable, electron traps that were not reset during sediment 
transport and deposition (S.L. Forman, personal communication, 2003). 
Dating the minerogenic unit separating the two organic units in Fog and Brother-of-
Fog lake cores also proved challenging because ofreworked organic matter, in 
particular the humic acid fraction, which produced erroneous 14C ages in the 14-16 ka 
BP range (Wolfe et al., 2000). Subsequent dates on masses and chironomid head 
capsules from these sediments provided early Holocene ages (Wolfe et al., 2004), 
suggesting a prolonged depositional hiatus likely representing most or ail of MIS 4, 3 
and 2. In Fog and Brother-of-Fog lakes, the minerogenic sediments that separated the 
last interglacial and Holocene organic sediments probably reflected rapid deposition 
associated with erosion of largely unvegetated catchments, as climate be gan to warm 
in the earliest Holocene. 
Despite these various chronological complexities, what can be stated with a certain 
degree of confidence is that: (1) the basal organic units (A-I, F-UI and B-Ill) were 
deposited within MIS 5 and appeared to be neither older than ~ 145 ka BP, nor 
younger than ~90 ka BP; (2) based on their low magnetic susceptibility, overall 
thickness, and low bulk density, these sediments represented intervals of deposition 
of comparable duration to the Holocene; (3) there were prolonged intervals of non-
deposition between the formation ofMIS 5 and Holocene gyttjas; and (4) the re-
initiation of sedimentation in the earl y Holocene reworked organic matter of last 
interglacial age, contarninating both pollen assemblages and sediment humic acid 
pools. Because both pollen and chironomid assemblages in these sediments indicated 
summer conditions warmer than the Holocene, we tentatively ascribed them to the 
last interglacial sensu stricto (MIS Se). 
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2.4.2. Pollen analysis of the fossil sequences 
Pollen sums of at !east 500 grains were attained in all samples except unit A-II, where 
sums ranged from 200-500 grains. Over 45 spermatophyte taxa were identified, as 
well as 11 pteridophyte and 3 algal taxa. Simplified relative frequency pollen 
diagrams for each of the three lakes are presented (Figs. 2B, 3B, 4B), with taxa 
ordered according to their CCA axis 1 scores (Birks, 1993). Because CCA axis 1 was 
negatively correlated with July air temperature, taxa with low (negative) scores were 
more characteristic of 'warm' environrnents (left side of diagrams), whereas those 
with positive scores were characteristic of 'cold' environrnents (right side). 
2.4.2.1. Pollen concentrations 
The last interglacial sediment in Amarok and Fog lakes yielded strikingly higher 
pollen concentrations than Holocene gyttja. In Amarok Lake, the mean pollen 
concentration in the lower gyttja (A-I) was 84,800±29,200 gr/cm3, in comparison to 
4000±2700 gr/cm3 in Holocene gyttja (A-III) (Fig. 2B). In Fog lake, the mean 
concentration in the lower gyttja was 30,000±13,000 gr/cm3 (F-III), and 4300±1400 
gr/cm3 in the Holocene (F-V) (Fig. 3B). Last interglacial gyttja ofBrother-of-Fog 
Lake (B-Ill) had a mean pollen concentration of 25,000±8000 gr/cm3 (Fig. 4B). The 
higher concentration of pollen in the lower gyttja was in part due to dewatering and 
compaction of the sediment. However, bulk densities ofthe last interglacial gyttja 
were only slightly less than Holocene sediments, and so density differences may have 
accounted only for a small fraction of the differences in pollen concentrations. We 
conclude that pollen influxes must have been significantly higher during the 
interglacial relative to the Holocene. 
In Fog Lake, the early Holocene minerogenic unit (F-IV) that overlay last interglacial 
sediment also produced extremely high mean pollen concentrations (30,300±13,300 
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gr/cm3) (Fig. 3B). These were due to redeposition of last interglacial pollen from 
surrounding soils, before local vegetation became sufficient to stabilize the 
catchment. The mean pollen concentration in the correlative minerogenic unit in 
Brother-of-Fog Lake was significantly lower (B-IV: 7700±1050 gr/cm\ Here too, 
we infer that much of this pollen was reworked from last interglacial soils at the ons et 
·of the Holocene, based on the similarity of assemblages with interglacial deposits. 
No paleoclimatic inferences were derived from these reworked assemblages. 
2.4.2.2. Pollen assemblages 
Last interglacial pollen assemblages of all three sequences were strongly dominated 
by shrubs (Betula and Alnus), with secondary contributions from arctic herb and 
boreal taxa (Picea, Pinus and Artemisia, among others) (Figs. 2B, 3B, 4B). Betula 
grains in the last interglacial gyttja (units F-III and A-I) were 2-3 times more 
abundant than in Holocene counterparts (units F-V and A-III). Furthermore, Betula 
grain diameters in these sediments ranged from 19-24 ) ..Un (mean 21 )lm), confirming 
that they originated from shrub and not tree forms (Wolfe et al. , 2000). In the Fog 
Lake core, A/nus pollen was 1.5 times more abundant in last interglacial sediments 
than anytime during the Holocene (Fig. 3B). However, in Amarok Lake relative 
frequencies of Alnus were similar in MIS 5 and Holocene gyttjas (Fig. 2B). 
In the last interglacial sediments ofFog Lake, there was evidence for a local 
succession from a colonizing herb tundra to a denser shrub tundra (units F-Il and F-
III) (Fig. 3B). The lower unit (F-Il) depicted an early postglacial vegetation 
dominated by herbs (e.g., Oxyria, Cyperaceae and Salix herbacea-type), and the 
upper unit (F-III) one dominated by Betula and A/nus with a low representations of 
long-distance and high arctic herb taxa. This suggested that relatively dense low 
arctic shrub tundra with Betula populations grew locally, although birch does not 
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grow near the site today. Within this zone, two decreases in the relative frequency of 
Alnus were noted (108-104 cm and 89-87 cm) (Fig. 3B). These were bath associated 
with concomitant increases in Cyperaceae, Salix and Ericales pollen, as well as 
pteridophyte spores, and were interpreted as episodes of herb tundra altern~ting with 
shrub tundra vegetation. Sediments at the base of the last interglacial gyttja from 
Amarok Lake showed similar subtle changes in pollen assemblages, with arctic herbs, 
Salix and boreal trees better represented here, and Alnus less abundant. This 
palynological change corresponds to elevated magnetic susceptibility, suggesting an 
unstable catchrnent (Figs. 2A, 2B). 
The pollen content ofunits B-I and B-II ofBrother-of-Fog Lake also reflected local 
vegetation changes during the last interglacial (Fig. 4B). Higher relative frequencies 
ofCyperaceae, Ericales and Salix were observed in units B-I and B-II, relative to 
overlying interglacial gyttja (unit B-Ill) (Fig. 4B), but representation of shrub taxa 
(Betula, Alnus) remained high by comparison to Fog Lake units F-Il and F-III (Fig. 
3B). 
The pollen content of the minerogenic units separating last interglacial and Holocene 
gyttjas in Fog and Brother-of-Fog lakes (F-IV and B-IV) contained high relative 
frequencies of Betula, but lower representations of Alnus (Figs. 3B, 4B). In unit B-
IV, Cyperaceae, Poaceae, Ericales and Salix were more abundant than in the last 
interglacial gyttja;whereas only Ericales showed higher relative frequency in Fog 
Lake unit F-IV. The pollen content observed in units F-IV and B-IV was an 
admixture ofreworked MIS 5 and early Holocene pollen grains, with the early 
Holocene component better registered in Brother-of-Fog Lake. 
In the Holocene sediments of Amarok Lake, there was evidence for a local succession 
from a colonizing herb tundra dominated by Poaceae, Oxyria and Cyperaceae (unit 
A-II), to a more stable herb tw1dra (unit A-III) (Fig. 2B). The mid-Holocene Alnus 
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rise registered in Amarok and Fog lakes is a common feature in Baffin Island pollen 
diagrams (e.g. Short et al., 1985; Mode and Jacobs, 1987; Miller et al., 1999), 
associated with a higher boreal pollen taxa representation derived from long-distance 
transport. The pollen content of the Holocene gyttja ofFog Lake (unit F-V) is typical 
of a mid Arctic herb tundra vegetation with high relative frequencies of Cyperaceae, 
Ericales and Betula (Fig. 3B). Further details of the Fog Lake pollen diagram are 
presented elsewhere (Wolfe et al., 2000). 
2.4.2.3. Palyno1ogical richness 
Stratigraphie profiles of rarefaction-estimated palynological riclmess are presented 
for each core on Figs. 2C, 3C, and 4C. In general, palynological richness was lowest 
in last interglacial sediments dominated by shrubs (A-I, F-III, B-Ill), and higher 
whenever shrub pollen representation decreased (F-Il, B-II). These intervals of 
elevated richness correspond with local herb tundra expansions. Indeed, closed yet 
productive shrub ttmdra is expected to produce lower palynological richness than 
more open and less productive shrub tundra (Moore et al., 1991). Furthermore, fewer 
long-distance pollen grains are represented in productive shrub tundra assemblages 
relative to more locally impoverished herb tundra. Thus, palynological riclmess of 
Baffin Island lake sediments appeared higher for open herb tundra than for denser 
shrub tundra vegetation. 
2.4.2.4. Sumrnary 
Palynological results from the last interglacial sediments of all three investigated 
lakes showed the following characteristics: (1) very high pollen concentrations 
relative to the Holocene; (2) prolonged intervals dominated by the shrub taxa Betula 
and A/nus with relatively few arctic herbs and long-distance pollen grains; (3) low 
palynological richness ofthese intervals as the product of dense shrub-dominated 
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tundra vegetation; and (4) occasional inter-vals of herb tundra, particularly at the onset 
of the last interglacial. 
In comparison, Holocene pollen assemblages exhibited higher richness as the product 
of sparser and Jess productive herb tundra. From these results, we conclude that 
shmb tundra dominated by Betula, perhaps including the local presence of A/nus, 
colonized Cumberland Peninsula during the last interglacial. 
2.4.3. Climate-vegetation relationship 
Correspondence analysis (CA) of the 400 modem reference sites was used to explore 
the main pattern oftaxonomic variation across the Arctic N01ih America (Figs. SA, 
SB). The first CA axis accounted for 24.1% of total variance (J... 1=0.242), whereas the 
second CA axis represented 12.1% (À-2=0.122). The third CA axis accounted for 
8.4% (À-3=0.084) and was not considered further. A biplot of CA sample scores in the 
low-dimensional space defrned by axes 1 and 2 confmned that a strong spatial 
(latitudinal) structure was preserved by the modem pollen assemblages (Fig. SB). 
Sites from Law, Mid, and High Arctic phytogeographical zones produced positive 
scores on CA axis 1, whereas sites from forest tundra and boreal forest resulted in 
negative scores. Furthermore, an1ong the tundra sites, CA axis 2 faithfully 
differentiated herb tundra vegetation (positive scores) from shmb tundra (negative 
scores). 
Because the CA revealed a clear latitudinal pattern, axis 1 had a significant negative 
correlation (r=-0.86) with July air temperature (Fig. SC). Furthennore, the CA 
allowed clear differentiation between Law Arctic and forest tundra (boreal forest) 
vegetation as represented by their corresponding pollen assemblages, indicating that 
this transition occured at a July air temperature of~ 10°C (Fig. SC). It is 
independently established that the boreal forest-tundra ecotone (or treeline), which 
reflects the average position of the Arctic Front, coïncides with the 10°C mean July 
air temperature isothetm (e.g., Bonan et al., 1992; Foley et al., 1994; Pielke and 
Vidale, 1995). 
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A canonical correspondence analysis (CCA) constraining the 34 pollen taxa to 7 
environrnental variables (Fig. 5D) was also conducted. The first two CCA axes 
explained 26.8% of the variance in the pollen assemblage data (A1=0.208; A2=0.062; 
total inertia: 1.006), with pollen-environrnent correlations of 0.933 for axis 1 and 
0.758 for axis 2. This corresponded to 71.5% of the total pollen-environrnent 
relationship being explained (55.1% and 16.4% for axis 1 and 2, respectively). 
Monte Carlo permutation tests indicated that the canonical correlation between the 
pollen and environmental matrices was highly significant (p=O.OOl after 999 
permutations). As suspected from the CA results, axis 1 in CCA was strongly 
correlated with July air temperature, whereas axis 2 was negatively correlated with 
both annual precipitation (r=-0.61) and January air temperature (r=-0.60) and (Fig. 
5D). For the 400 lakes above 50°N latitude in northwestem Canada, northem 
Québec, the Canadian Arctic Archipelago, and Greenland, the weighted correlation 
between annual precipitation and January air temperatures was 0.76, and that between 
annual precipitation and July air temperatures was 0.16. 
2.4.4. Paleoclimate reconstructions from pollen assemblages 
2.4.4.1. Inferences from Correspondence Analysis 
Fossil assemblages were passively entered in the CA of the 400-lake modem 
assemblages (Figs. 6A and 6B). All samples from Fog, Brother-of-Fog, and Amarok 
lakes produced positive CA axis 1 scores. Last interglacial samples (units A-I, F-UI, 
B-Ill) had more negative scores than those representing the Holocene (units F-V, A-
III), suggesting consistently higher July air temperatures (see Figs. SC, 5D). The last 
interglacial samples also had negative scores on axis 2 (units A-I, F-III, B-Ill) (Fig. 
6B), implying moister precipitation regimes. 
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The palynological similarity of last interglacial samples from all three lakes (units A-
I, F-III and B-Ill) suggested that they collectively reflected the widespread 
development of shrub tundra vegetation with local Betula populations on Cumberland 
Peninsula. In comparison, the pollen content ofHolocene gyttja from Amarok and 
Fog lakes was considerably more site specifie (units A-III and F-V). This type of 
specificity appeared more characteristic of herb tundra vegetation. 
The linear correlation between CA axis 1 modem sample scores and July air 
temperature (Fig. SC) was given by equation: July T (0 C) = 10.28 - 6.54 (CA axis 1 
sample score). Applying this relationship to the fossil samples entered passively in 
the ordination enabled a first-order appreciation of the July air temperatures 
associated with interglacial pollen assemblages. The quantitative reconstruction of 
July air temperature based on this method suggested that last interglacial July air 
temperatures were 4 to 6°C warmer than present at all three lakes, that is, between 7.5 
and 10°C (Figs. 2D, 3D, 4D). 
2.4.4.2 Quantitative July air temperatures from best modem analogues 
Pollen-based reconstructions of July air temperature using the best modem analogue 
method are also presented on Figs. 2E, 3E, 4E. The modem database contained close 
analogues for both Holocene and last interglacial assemblages, with SCD for the 5 
best analogues weil within threshold values adopted by 3Pbase software (0.31) and 
proposed by Overpeck et al. (1985) (0.15) (Figs. 2F, 3F, 4F). However, 
reconstructions of modem July air temperatures from core tops from Amarok and Fog 
lakes resulted in overestimates (by 1.5°C; Figs. 2E, 3E). These discrepancies were of 
the same order as interpolated July air temperature RMSEP (±1.02°C), and were 
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within the standard deviation ofmeasured July air temperatures for Cumberland 
Peninsula (4.6±1.rC for 1971-2000; Envirorunent Canada, 2004). For the last 
interglacial sediments, July air temperatures reconstructed by best modern analogues 
were 4 to 5°C watmer than present for Amarok and Fog lakes, producing values 
ranging from 8 to 10°C (Figs. 2E, 3E). Results from Brother-of-Fog Lake were 
slightly cooler (between 7 and 8°C) (Fig. 4E). 
However, the very beginning of the last interglacial at Fog Lake (unit F-Il), where 
herb pollen taxa was dominant, was ~ 1.5°C col der than late Holocene 
reconstructions. Furthermore, the two subsequent episodes of herb tundra 
reappearance within the last interglacial at Fog Lake (unit F-III) also produced July 
air temperatures comparable to the late Holocene. Pollen from units B-I and B-II in 
Brother-of-Fog Lake, which combined abundant herb pollen while maintaining strong 
representations of Betula and A/nus, produced July air temperatures 1 oc warmer than 
the episodic herb tundra phases noted in Fog Lake, and may have represented July air 
temperatures comparable to, or slightly warmer, than those of the late Holocene. The 
lower portion of the last interglacial in Amarok Lake, with abundat1t Salix, arctic 
herbs, and boreal tree pollen (but fewer Betula), contained an interval of cool 
reconstructed July air temperatures (Figs. 2B, 2E). 
2.4.4.3. Summary 
Last interglacial pollen assemblages from the three investigated sites on Baffin Island 
were most comparable to modern assemblages from southwestern Greenland between 
60-64°N and 44-40°W. In this region, green aider (A/nus crispa), shrub birch (Betula 
nana, B. glandulosa) and dwarftree birch (B. pubescens) grow locally (Fredskild and 
0dum, 1990; Fredskild, 1996). July air temperature is currently 7.4±1.8°C (Cappelen 
et al., 2001). 
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From both methods of quantitative reconstruction applied here, July air temperatures 
of the last interglacial on eastern Baffin Island attained between 8 and 10°C (Table 
3), significantly warmer than present. For example, the current mean July air 
temperature for Cumberland Peninsula is 4.6±1.7°C (Environment Canada, 2004). At 
the optimum of the last interglacial, surnmer temperatures were high enough to allow 
the establishment of dense shrub tundra vegetation; comparable to that of modem 
southwestem Greenland, as far north as Cumberland Peninsula on Baffin Island. This 
implies a 300-500 km northward migration of the Low Arctic phytogeographical 
zone. We do not question the presence of shrub B etula in the immediate vicinities of 
the lakes studied here during the last interglacial, in part because local populations 
occur within 100 km. Although our reconstructed summer temperatures could have 
allowed for the presence of Alnus locally, we remain unable to confirm the latter' s 
presence in absolute tem1s on Cumberland Peninsula in the last interglacial. 
2.5. Conclusion 
Pollen analysis ofthree lacustrine sediment sequences from Cumberland 
Peninsula provided a basis for comparing interglacial vegetation and climate of east-
central Baffin Island with that of the Holocene. The vegetation of the last interglacial 
period on east-central Baffin Island was primarily Low-Arctic in character. Shrub 
birch-dominated tundra expanded considerably, driven by summer temperatures 
significantly wam1er than present. The northward expansion ofbirch may also have 
been favoured by deeper snow cover associated with warmer winters and enhanced 
precipitation (see Fig. 6B). 
The exact paleoenvironmental and paleoclimatic dynamics throughout the last 
interglacial on Cumberland Peninsula remain partially compromised by the problems 
presented by lake sediment chronology. Nonetheless, our data suggested strong 
regional coherence within the palynological signature of the last interglacial, more 
-------~ ---~ ~-----
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than during the Holocene, in which vegetational histories were more site-specifie. 
Based on the clear evidence of terres trial summer warmth greater than at any time in 
the Holocene, we equate the interglacial sediment with the last interglacial sensu 
stricto, ca. 117 to 130 ka BP (MIS 5e). 
Results that emerge from the application of the correspondence analysis and best 
modern analogue techniques indicated that July air temperatures of the last 
interglacial were warn1er by as muchas 4 to soc on eastern Baffin Island (Table 3). 
Our quantitative July air temperature reconstructions are thus directly comparable to 
both earlier qualitative estimates (LIGA Members, 1991; Be1mike and Bûcher, 1994), 
as well as more recent quantifications from ice core (NGRIP Members, 2004) and 
pollen (Andreev et al. , 2004a) analyses. Because the warmest millennia of the last 
200 ka appear to have occurred at this time, the associated biotic communities 
foreshadow possible future community shifts that may be associated with 
anthropogenic warming. 
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Figure 1. Locations of the study lakes on northem Cumberland 
Peninsula, Baffin Island, and approximate limits of Low, Middle, 
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Figure 5. A. Locations of the 400 lake sediment surface samples used to cons tru ct the 
modern pollen database. The 400 sites have been grouped in nine geographical regions: 
Western Canada (WC), James Bay (JB), northem Québec (NQ), Fort Chimo - Diana Bay 
(FCD), Baffin Island (B), Arctic islands (A) and Greenland (G). B. Results of 
Correspondence Analysis (CA) ordination showing sample scores from the 400 modern 
sites. A 95% ellipse is drawn around the reference sites of each region. C. Plot of CA 
axis 1 sample scores against interpolated July air temperature. The horizontal dashed tine 
delineates sites in the Low Arctic from those occupying forest tundra. D. Canonical 



























































































































































































































































































































































































































































Table 1. AMS 14C dates pertaining to the lower organic units of the cores 
investigated here. 
Core Depth (cm) Unit 14C ages (yr BP) Lab number Ma teri al 
98AKL-02 124-125 A-I 38,600±280 OS-17676 Humic acid extract 
98AKL-02 124-125 A-I 46,000±640 OS-18067 Bryophyte macrofossil 
98AKL-02 170-171 A-I 47,900±780 OS-18066 Bryophyte macrofossil 
96FOG-05 110.0- 111.5 F-III >44,400 CAMS-31808 Humic acid extract 
96FOG-05 110.0-111.5 F-III >52,200 CAMS-28652 Bryophyte macrofossil 
98BR0-05 134.5-135.5 B-Ill 60,000±1900 OS-18064 Bryophyte macrofossil 
Table 2. Pollen taxa retained in the modem 
database for paleoclimate reconstructions. 
Taxa that do not grow on Baffin Island today 
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Table 3. Summary of pollen-based July air temperature reconstructions (in oc) from the 
three studied lakes. 
Site Method a LIGb Max LIG Earll: Holocene c Late Holocene 
Amarok CA 9.5±0.4 10.3 6.4± 1.3 9.0±0.9 
Amarok BMA 9.9±0.8 11.0 6.6± 1.8 7.1±0.4 
Amarok Concensus 9.7±0.7 n.a. 6.5±1.5 8.1±1.2 
Fog CA 9.0±0.8 10.3 7.8±0.4 7.6±0.3 
Fog BMA 8.2±1.2 10.0 6.7±0.4 6.5±0.3 
Fog Consensus 8.6±1.1 n.a . 7.2±0.6 7.0±0.6 
Brother-of-Fog CA 8.8±0.3 9.2 n.a. n.a. 
Brother-of-Fog BMA 7.8±0.3 7.9 n.a. n.a. 
Brother-of-Fog Consensus 8.3±0.6 n.a. n.a. n.a. 
d 
a CA: correspondence analysis regression, BMA: best modern analogue, Consensus : CA and BMA 
together 
h last interglacial 
c > 5 cal ka BP 
d < 5 cal ka BP 
CHAPITRE III 
REGIONALISM OF CLIMA TE CHANGES IN SOUTHWEST GREENLAND 
AND EASTERN BAFFIN ISLAND AREAS SINCE 7000 YBARS 
Bianca Fréchettea, Anne de Vemala, Gifford H. Millerb, 
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a GEOTOP, Université du Québec à Montréal, P.O. Box 8888, Suce. Centre-Ville, 
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b INSTAAR and Department ofGeological Sciences, University of Colorado, 
Boulder, CO 80309-0450, USA 
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Le stabilité du climat de l'Holocène, jadis bien acceptée parmi la communauté 
scientifique, est actuellement remise en question. Ce doute découle de la découve1ie 
d'inégalités dans son évolution climatique, dans le temps et l'espace, et d' oscillations 
millénaires depuis ca. 11 500 ans BP. L'hypothèse de l'existence d'un régionalisme 
dans les changements climatiques au cours de l'Holocène semble de plus en plus 
éprouvée. Les relevés disponibles sont toutefois peu nombreux, en particulier pour 
les hautes latitudes. À partir de relevés polliniques de séquences sédimentaires 
lacustres, nous montrons qu'au cours des dernières 7000 années, le refroidissement 
estival fut davantage prononcé sur la côte sud-ouest du Groenland (3,0-3,5 °C) que sur 
la côte est de la Terre de Baffin (0,5-1,0°C). Ce régionalisme dans l'évolution du 
climat, de l'Holocène moyen à l'Holocène supérieur, est cohérent avec les relevés 
marins. En effet, la température estivale des masses d'eau de surface a très peu 
changé dans la secteur ouest de la mer du Labrador alors qu'au large, dans la région 
centrale de 1' Atlantique nord, plus précisément dans la région de la Ride de 
Reykjanes, un refroidissement de plus de 6°C a été enregistré. Les résultats 
soulignent l'étroit lien entre la circulation océanique de surface et le climat 
atmosphérique des marges est canadiennes et du Groenland. Par ailleurs, les résultats 
suggèrent une diminution, avec le temps, de l'influence du flux d ' eau chaude nord-
atlantique sur les conditions hydra-climatiques du sud du Groenland, alors que la 
Terre de Baffin et les marges est canadiennes seraient vraisemblablement demeurées 
sous l'influence des courants froids de Baffin et du Labrador. 
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Abstract 
The Holocene climate that has been considered "stable" for a long time in the 
scientific literature is now the subject of debate with respect to trends and nùllennial 
oscillations. There is growing evidence for regionalism in the climate changes, but 
the records are still scattered, especially at high latitudes. Here, we show from 
terrestrial records that the last 7000 years have been marked by a trend of cooling in 
southwest Greenland (3.0-3.5°C), much larger in amplitude than in eastern Baffin 
Island (0.5-1.0°C). Such regionalism in the mid- to late Holocene climate trend is 
consistent with marine core data indicating no significant changes of sea-surface 
temperature (SST) in the northwest Labrador Sea, whereas cooling ofup to 6°C is 
recorded offshore in the central North Atlantic, in the Reykjanes Ridge area. The 
results illustrate strong linkages between ocean circulation pattern and terrestrial 
climate along eastern Canadian margins and Greenland. They also point to the 
decreasing influence of North Atlantic water inflow as moisture and heat source over 
southern Greenland, whereas Baffin Island and eastern Canadian margins apparently 
remained under Arctic influence through the Baffin Land and Labrador currents. 
---- --------------------------------------------------~ 
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3.1. Principal text 
Present-day climate conditions across the subpolar North Atlantic are by no means 
uniform, and regional scale differences need to be taken into account in paleoclimate 
studies and for climate and paleoclimate modelling (Wohlfahrt et aL, 2004; Renssen 
et al., 2005). Over the past few years, paleoclimate studies from both marine and 
terrestrial records at high latitudes of the North Atlantic and adjacent lands have 
reported different regional trends in climate changes during the Holocene ( e.g. 
Kaufman et al., 2004; de Vernal and Hillaire-Marcel, 2006). Of particular 
importance is the mid- to late Holocene summer sea-surface temperature (SST) 
cooling which shows significant differences in the western and eastern North 
Atlantic, suggesting important changes in surface ocean circulation pattern (e.g., 
Marchal et aL, 2002; Andersen et aL , 2004a; Moros et aL, 2004). In addition to 
variations in SST distribution in space, sorne records suggest changes in the a1mual 
amplitude of temperature, notably in the northeast North Atlantic ( e.g. Solignac et aL, 
2006; de Vernal and Hillaire-Marcel, 2006). Thus, the mid-late Holocene climate 
history is more complex than previously thought (e.g. Steig, 1999). Large 
uncertainties remain conceming the regional response of terres trial and marine 
environments to changes in insolation and ocean circulation. Here we use 
palynological data from marine and lacustrine sediment cores collected in the 
northwest North Atlantic and adjacent lands (Baffin Island and southem Greenland) 
to derive climate records sparuùng about 8000 years for terrestrial and marine 
ecosystems. 
Pollen grains and dinocysts are two biogenic proxies currently used in 
paleoclimatology and paleoceanography to reconstruct air and sea-surface 
paleotemperatures, respectively (e.g., Davis et al., 2003; de Vernal et al., 2005). In 
order to establish paleoclimate records of terrestrial environments, we analysed the 
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pollen content oftwo lacustrine sedimentary sequences. One is from eastem Baffin 
Island (Ak:vaqiak Lake; 66°47'N, 63°57'W; 45 rn a.s .l.) and the other is from 
southwest Greenland (Qipisarqo Lake; 61 °00 'N, 47°45 'W; 7 rn a.s.l.) (Fig. 1). Both 
lakes are from low elevations, in protected valleys or lowlands located at the 
extremity of fjords. The climate conditions at both sites show important contrast, 
especially in winter. The present-day July and January air temperatures average 
respectively 4.6 ± l.7°C and -24.8 ± 4.4°C on eastem Baffin Island (Environment 
Canada, 2004) and 6.4 ± 0.7°C and -6.5 ± 0.8°C in southwest Greenland (Cappelen et 
al., 2001). Annual precipitation is about 332 mm on eastem Baffin Island and 
753 mm in southwest Greenland. The higher winter temperature and annual 
precipitation in southem Greenland are related to oceanic circulation pattems. The 
relatively warm West Greenland Current (WGC), which is formed from the mixing of 
the cold East Greenland Current (EGC) and a westward branch of the North Atlantic 
Current (NAC), drives relatively mild conditions along the southwest Greenland 
coast, whereas the outflow of cold, low-salinity surface waters from the Arctic Ocean 
through the Baffin Land Current (BLC) and dense winter sea-ice cover drives cold 
winter conditions on eastem Baffin Island. 
In parallel to pollen from lake cores, the dinocyst content of deep-sea cores is used to 
document changes in offshore sea-surface conditions (Fig. 1 ). Core HU021 
(58°22.06 'N, 57°30.42'W) was collected on the continental slope of the Canadian 
margin, at the vicinity of the center of deep Labrador Sea Water (LSW) formation. 
The core is located close to a front between the Labrador Current (LC) fonned from 
the BLC and outflow from the Hudson Strait, and the WGC. At site HU021 , modem 
sea-surface temperature (SST) and salinity (SSS) in summer are 6. 7°C and 34.3 psu, 
respectively, and sea-ice cover develops for about 2 months per year (2.0±1.05) 
during winter (cf. de Vemal and Hillaire-Marcel, 2006). Core HU085 was collected 
in the northwest North Atlantic (53°58.51 'N, 38°38.25'W), along the axis of the 
warm NAC, where SST is at 10.3°C and 5.3° C in surnmer and winter respectively 
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and where salinity ranges from 34.5 to 34.8 psu (de Vernal and Hillaire-Marcel, 
2006). 
The respective location of the ten·estrial and marine sedimentary sequences appears 
thus sui table to address the question of changes in ocean circulation patterns and its 
impact on continental climates, since they lie in the trajectory of surface ocean 
currents that play a major role in northward heat fluxes (the North Atlantic Current 
and its westward branch making the West Greenland Current) and southward Arctic 
water flow (Baffin Land, Labrador and East Greenland currents). 
The chronology of the lake sequences has been established from calibrated 14C dates 
on organic matter, which were used to derive an age model from smoothed linear 
interpolation (see TableS 1 and Fig. S 1 in Supporting Material). For the last 8000 
cal. years, sediment accumulation rates average 11.35 ± 4.41 cm/ka at Akavaqiak 
Lake and 26.77 ± 16.84 cm/ka at Qipisarqo Lake. Palynological analyses performed 
at 3 to 5 cm inte1-val yield a multi-centennial resolution, which pennits us to identify 
Holocene trends, but makes difficult to identify millennial oscillations. At Qipisarqo 
Lake, the pollen fluxes are 438 ± 212 grains/cm2/year and the assemblages are 
dominated by Betula (birches) and Ericales (heaths) (see Fig. S2 in Supporting 
Material). At Akavaqiak Lake, the pollen fluxes are 156 ± 76 grains/cm2/year and the 
assemblages are dominated by Betula (birches) and Ericales (heaths) (see Fig. S2 in 
Supporting Material). Given the modern vegetation and pollen content in surface 
sediments, the assemblages reflect local and regional influxes with minor 
contributions from long-distance transport. 
The chronology of the deep-sea cores has been established from 14C dates on 
planktonic foraminifers corrected by 400 years to account for the air-sea reservoir 
differences and calibrated to calendar years to derive an age mode! from smoothed 
linear interpolation (see Supporting Material) . For the last 8000 cal. years, 
-- ---------
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sedimentation rates average 17.61 cm/ka in core HU021 and in core HU085 they are 
6.22 cm/ka. Palynological analyses performed at 1 to 2 cm interva1s yield a 
centennial resolution, which permits identification ofHolocene and possibly 
millennial oscillations. In cores HU021 and HU085, the dinocyst fluxes are of the 
arder of 50,000 and 2000 cystslka, respectively, which indicate relative1y high 
productivity at bath sites. In core HU021, the assemblages are characterized by the 
increase of the subpolar taxa Nemotosphaeropsis labyrinthus and temperate taxon 
from the early to late Holocene. In core HU085, the dinocyst assemblages are 
dominated by temperate taxa and characterized by maxima of thermophilic species 
(Spiniferites mirabilis, Impagidinium spp.) in the early Holocene (see Fig. 3 in 
Supporting Material). These dinocyst assemblages are consistent with the more 
temperate conditions in the axis of theNAC than off the Canadian margins 
Principal component analysis (PCA) is used to summarize the middle to late 
Holocene succession and variability in pollen and dinocyst assemblages. The first 
PCA in bath lake and marine cores shows strong linear trends in assemblages since 
8000 cal. years BP (Fig. 2) (see Table S2 in Supporting Material for details on PCA 
loadings). The first eigenvalue (/• .. 1) of eastern sites (Qipisarqo and HU085) is two 
times higher th an western sites (Akvaqiak and HU021) indicating mu ch higher 
amplitude of change in pollen and dinocyst assemblages in southwest Greenland and 
central North Atlantic than in eastern Baffin Island and along the Canadian margin. 
At all sites there is a pronounced change around the mid-late Holocene transition (i .e., 
at about 5000 cal. years BP). The transition is abrupt in the central North Atlantic 
(HU085), whereas it appears more graduai westward, in eastern Baffm Island 
(Akvaqiak) . An abrupt mid to late Holocene transition has been also reported from 
coccolith and dinocyst data in marine cores from the central North Atlantic, south of 
Iceland (Giraudeau et al., 2000) and on the northern Iceland shelf (Solignac et al., 
2006). Such an abrupt mid to late Holocene transition, which is documented from 
different proxies in the central part of the North Atlantic, near the main axis of the 
NAC, is a robust feature in the regional paleoceanography. 
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In arder to examine the change in ocean conditions and its relationship with terrestrial 
climate, we reconstructed sea-surface and air temperatures from dinocyst and pollen 
assemblages, respectively (see Method section in Supporting Material). Akvaqiak 
and Qipisarqo lakes show a progressive decrease in July air temperature since 7000 
cal. years BP (Fig. 3). However, the amplitude of the cooling at Qipisarqo Lake 
(3 .5°C) is much more pronounced than at Akvaqiak Lake, where the cooling trend 
do es not exceed 1 oc (Figs. 3c, 3d, 4b ). The east to west contrast in the amplitude of 
the mid to late Holocene trend is also observed in the marine record: the central North 
Atlantic site (HU085) shows a progressive decrease in August SST of about 6°C, 
whereas the Canadian margin site (HU021) does not show a significant trend 
(Figs. 3b, 3e, 4c) . Such east to west gradients in the amplitude of the Holocene 
cooling trend seems to be a consistent feature across the mid to high latitudes of the 
central and western North Atlantic (de Vernal and Hillaire-Marcel, 2006). 
Beyond trends in temperature, the matine data permit reconstruction of salinity. In 
the context of the Canadian margins, low salinity anomalies can be associated with 
the outflow of Arctic ocean water and often correspond to enhanced winter sea ice. 
Interestingly, the surnmer SSS estimates at HU021 show three short-term oscillations 
at 2-3, 5-5.5 and 6.8-7.2 cal. ka BP (Fig. 3a). Despite uncertainties in the absolute 
chronology of the terrestrial vs. marine sequences, the salinity oscillations have a 
terrestrial counterpart in the July air temperature estimates at the Baffin Island site 
(Fig. 3c). The consistency of the two independent records suggests that short-term 
cooling events may relate to pulses of freshwater/meltwater exported from the Arctic 
through the BLC and LC, which may have contributed to lower air temperatures in 
eastern Baffin Island, episodically from mid-Holocene to today. 
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In addition to reconstruction of July air temperature, the pollen record perrnits semi-
quantitative inferences about winter temperature and precipitation. These two 
parameters that covary in the modern database are strongly related to the second axis 
derived from correspondence analyses (CA). The mid to late Holocene is 
characterized by a graduai trend of decreasing scores for the CA axis 2 at both 
Qipisarqo and Akvaqiak lakes, which would correspond to a graduai increase in 
winter warmth and annual moisture (Fig. 4e) (see Methods in the Supporting Material 
for details on calculations). These results suggest a trend towards e1ù1anced oceanic 
influence on climate of eastern Baffin Island and southwest Greenland from the earl y 
to the late Holocene. Our results showing a trend toward milder winters and/or 
enhanced snow fall appear consistent with the results of other studies at high latitudes 
of the Northern Hemisphere. Pollen data from western Europe led to the 
reconstruction of increasing winter temperature throughout the Holocene (Fig. 4±) 
(Davis et al., 2003), and various paleoceanographical data also suggest slight winter 
temperature increase in the subpolar North Atlantic (Moros et al., 2004; Solignac et 
al., 2006). Moreover, a late-Holocene increase in annual precipitation was also 
proposed to explain the limited eolian deflation and dust transport to the Penny ice 
cap on Baffin Island (Zdanowicz et al. , 2000) and glacier expansion in Scandinavia 
(Dahl and Nesje, 1996; Nesje et al., 2001). 
Our reconstructions show a Holocene summer cooling trend that is particularly 
pronounced in southern Greenland. They also suggest a slight winter warming from 
the middle to late Holocene, which would indicate a decrease in the seasonal contrast 
of temperatures. Decreased seasonality applies to both terrestrial and marine 
environments, and is supported by paleoecological data from Scandinavia ( e.g. 
Hammarlund et al., 2002) and paleoceanographic records from the northern North 
Atlantic (Solignac et al., 2006; de Vernal and Hillaire-Marcel, 2006) and is consistent 
with reduced seasonal contrasts in insolation (Fig. 4g) (Berger and Loutre, 1991). 
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The middle to late Holocene insolation change (Berger and Loutre, 1991) cetiainly 
accounts for a large part in the cooling recorded and the decreasing winter to summer 
temperature contrast. However, differences if the amplitude of the cooling trend 
(lower in the western North Atlantic than in the eastern North Atlantic; Figs. 4b, 4.c) 
most probably reflect changes in the ocean circulation pattern. We suggest that the 
strong mid-Holocene east to west thermal gradient could have been generated by 
stronger and/or warmer NAC, i.e. enhanced poleward penetration of warm North 
Atlantic waters (e.g. Koç et al., 1993; Kerwin et al., 1999; Duplessy et al., 2001; 
Birks and Koç, 2002; de Vernal and Hillaire-Marcel, 2006), and enhanced 
freshwater/meltwater export from the Arctic ( e.g. Andersen et al., 2004b; de Vemal 
and Hillaire-Marcel, 2006). These hydrographie conditions during the middle 
Holocene may have promoted sumrner temperatures higher in central North Atlantic 
and southwest Greenland than along the eastem Canadian margins, including Baffin 
Island. During the late Holocene, a weakening of theNAC strength northeastward 
concomitant with reduced freshwaterlmeltwater export from the Arctic through the 
EGC (Solignac et al., 2006), BLC and LC (de Vernal and Hillaire-Marcel, 2006) 
would have resulted in the diminution of the west to east gradient of temperature, 
both in surface waters and inland. Reduced freshwater export from the Arctic 
balanced by an enhanced westward component of the NAC could have favoured 
· rnilder winters and increased snow fall during late-Holocene in the eastern Baffin Bay 
are a. 
In summary, our terrestrial climate reconstructions and the paleoceanographical 
records from north west North Atlantic region illustrate the sensitivity of the climate 
system during a wann interglacial interval and provide evidence for strong linkages 
between terrestrial climate and oceanic conditions in the subpolar North Atlantic 
during the middle to late Holocene ( e.g., Chapman and Shackleton, 2000; Jiang et al. , 
2002; Hall et al., 2004; Moros et al., 2004; Maddy et al., 2005). 
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Figure 1. Map of the northem North Atlantic showing the location of the study sites and 
major ocean currents. The isolines correspond to the 200 rn and 1000 rn isobaths. The 
arrows illustrate schematically the surface circulation of the North Atlantic (redrafted 
after Meincke, 2002). The thick dark grey arrows correspond to the poleward flow of the 
North Atlantic Current (NAC), and its western branch, the West Greenland Current 
(WGC). The dashed l?lack arrows correspond to southward flow of Arctic ocean waters 
through the East Greenland Current (EGC), the Baffin Current (BLC) and the Labrador 
Current (LC). Circled cross corresponds to the center of deep Labrador Sea Water (LSW) 
formation. The dashed grey line corresponds to the maximum extent of sea-ice cover in 
winter. The vegetation around bothAkvaqiak (BIR; 66.47'N, 63 .57'W; 45 rn above sea-
level) and Qipisarqo (QIP; 61 ·oo'N, 4T45'W; 7 rn above sea-level) lakes is moderately 
lush shrub tundra dominated by shrub birch (Betula) and heaths (Ericales). Deep snow 
cover aroundAkvaqiak Lake is critical to the survival ofBetula. Core HU84-030-
021TWC (HU021; 58.22.06'N, 5T30.42'W; water depth = 2853 rn) was collected on the 
continental slope at the vicinity of the center of deep Labrador Sea Water formation. 
Core HU-91-045-085TWC (HU085; 53 .58.5l'N, 38.38.25'W; water depth = 3603 rn) was 
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Figure 2. Result of principal component analysis (PCA). Stratigraphie plot of PCA axis 
1 sample scores of (a) Akavqiak Lake, (b) Qipisarqo Lake, ( c) core HU021 , ( d) core 
HU085. The thick grey and black lines correspond to 3-point moving averages. The first 
eigenvalue ( 1) and percentage of variance are given for each sequence. See Method 
section in Supporting Material for details on PCA calculations and PCA loadings. WEST: 
western sector of northwestern North Atlantic. EAST: eastern sector of northwestern 
North Atlantic. (e) Northern Hemisphere high-latitude (60°N) June and December 
insolation curves (Berger and Loutre, 1991). The shaded horizontal zone marks the mid-




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2 Supporting material 
3.2.1. Lacustrine sediment cores chronology 
Akvaqiak (98BIR-02, 98BIR-G01) and Qipisarqo (98QIP-02, 98QIP-G01) lake cores 
were collected in May 1998 from the frozen lake surface. At the two lakes, piston and 
gravity (Glew) cores were used for the establishment of composite records, in which 
the Glew cores pro vide the upper part of the sedimentary sequences (Table S 1 ). The 
geochronology of the Akavqiak Lake record is based on seven accelerator mass 
spectrometry (AMS) 14C dates on bryophyte macrofossils and humic acid extracts 
(for discussion, see Fréchette et al., submitted). The geochronology of the Qipisarqo 
Lake record is based on six AMS- 14C dates on bryophyte macrofossils and hurnic 
acid extracts (for discussion, see Kaplan et al., 2002). Paired macrofossil and humic 
acid dates have been obtained at three levels in the Akvaqiak Lake core and one level 
in the Qipisarqo Lake core, producing humic acid ages that are older than adjacent 
macrofossils. This has led to age correction of 53 7 and 230 years for hurnid ac id 
dates in Akvaqiak and Qipisarqo lakes, respectively. Ail corrected (hurnic acid) and 
uncorrected (bryophyte) dates have been calibrated to calendar years using the 
CALIB program (version 5.0.2) (Stuiver and Reimer, 1993) updated with the 
Intca104c14 dataset (Reimer et al., 2004). Age models were then derived from 
smoothed linear interpolation between calibrated ages (Figure S 1 ). For the last 8000 
cal. years, sediment accumulation rates average 11.35 ± 4.41 cm/ka at Akavaqiak 
lake and 26.77 ± 16.84 cm/ka at Qipisarqo lake. 
3.2.2. Marine sediment cores chronology 
Core HU021 (HU-84-030-021 TWC) and core HU085 (HU-91-045-085TWC) were 
collected during expeditions of the CSS-Hudson. The chronology was established on 
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the basis of AMS 14C dates on planktic foraminifera. For core HU021 three dates are 
available and for core HU085 two dates are available. The conventional 14C ages 
have been calibrated into calendar years using the CALIB Rev 5.0.1 program (Stuiver 
and Reimer, 1993) and the marine calibration dataset (Marine04.14C) ofHughen et 
al. (2004). The marine calibration was made with a global ocean reservoir correction 
of 400 years, but no further correction of reservoir age (delta R) was used to account 
for local effects. The age models were established from linear interpolation between 
calibrated ages. For the last 8000 cal. years, sediment accumulation rates average 
17.61 cm/ka at HU021 core and 6.22 cm/ka at HU085 core. 
3.2.3. Pollen analysis 
Standard pollen preparation techniques, including dispersion with KOH, digestion 
with HF and HCl, and acetolysis (Faegri and Iversen, 1975), were applied to 1.0 or 
2.0 cm3 san1ples of fresh (wet) sediment. Pollen and spores were identified using the 
taxonomie keys ofRichard (1970), McAndrews et al. (1973) and Moore et al. (1991), 
as well as reference to modem collection arclùved at the Laboratoire Jacques-
Rousseau, Université de Montréal. For consistency, the pollen sum used for 
computing relative frequencies from the fossil assemblages includes only the 34 
pollen types contained in the modem database (cf. Table 2 in Fréchette et al., 2006). 
The basic sums average 555 ± 48 grains for Akvaqiak lake, and 516 ± 44 grains for 
Qipisarqo lake. The diagram of pollen assemblages of Akvaqiak and Qipisarqo 
lacustrine sediment cores is given on Figure S2. 
3.2.4. Fossil dinoflagellate analysis 
Palynological preparation for the analyses of dinocysts have made following 
standardized laboratory procedure that include sieving at 10 11m to eliminate fine silt 
and clays, in addition to repeated HCI (10%) and HF (52%) treatments to dissolve 
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carbonate and silica particles. No oxidation treatment was done. For consistency, the 
dinoflagellate cysts sum used for computing relative frequencies from the fossil 
assemblages includes only the 60 dinoflagellate cysts contained in the modern 
database (cf. Table 1 in de Vernal et al. , 2005). The basic surns average 345 ± 70 
grains for core HU021, and 256 ± 87 grains for core HU085. The diagram of 
dinoflagellate cyst assemblages ofHU021 and HU085 marine sediment cores is given 
on Figure S3. 
3.2.5. Methods for continental climate reconstruction 
The transfer ft.mctions used for continental climate reconstruction rely on a database 
that includes 34 pollen types and 400 reference sites from Canada (north of 50°N) 
and Greenland (Fréchette et al. , 2006; submitted). For the modern analogue 
technique (MAT), similarity between fossil and modern pollen assemblages is based 
on the squared chord distance (SCD) dissimilarity metric (Birks, 1977; Prentice, 
1980; Overpeck et al., 1985; Gavin et al. , 2003), which is an euclidean distance 
calculated on the square-root transformed pollen types abundances expressed in 
percent. Values ofSCD vary between zero and 200, with larger values indicate 
greater dissimilarity. The adopted SCD threshold for the present study is of 31. The 
climate estimates rely on a set of 5 modern analogues. Close analogues for the 
Akvaqiak and Qipisarqo lakes fossil pollen assemblages exist in the 400 sites modern 
database, with SCD values lower than 13 and 19 for Akavqiak and Qipisarqo lakes, 
respectively. Reconstructions of the July air temperature were performed with the 
3Pbase software (Guiot and Go eury, 1996), and the error of prediction (RMSE) is 
±1.02°C 
Correspondence analysis (CA) ordination of the 400 modern reference sites (34 
pollen types) demonstrates that the first CA axis (À 1 = 0.242; 24.1 % of total variance) 
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negatively correlates with July air temperature (r = -0.86) (Fréchette et al., 2006). 
Based on this relationship, a linear regression equation between CA axis 1 modem 
sample scores and July air temperature was derived (July air T (0 C) = 10.28-6.54 (CA 
axis 1 sample score)) (Figure S4) . Fossil pollen assemblages of Akvaqiak and 
Qipisarqo lakes were projected passively onto the ordination space, without 
influencing the CA analysis in any other way. The CA linear regression was applied 
to fossil sample scores to quantitatively reconstruct the July air temperature, with an 
estimated RMSE = 1.98°C (r = 0.86). Canonical correspondence analysis (CCA) 
ordination of the 400 modem reference sites (34 pollen types, 7 environmental 
variables) demonstrates that CA axis 2 is negatively correlated to the annual 
precipitation (r = -0.61) and co varies with the J anuary air temperature (r = -0.60) 
(correlation between annual precipitation and January air temperature is of0.76) 
(Figure S4). Therefore, the scores of Akavaqik and Qipisarqo spectra projected on 
CA axis 2 of the 400-site modem assemblages allow semi-quantitative estimates of 
arumal precipitation and January air temperature. For CA and CCA ordinations the 
frequencies of the 34 pollen types, square-root transformation was made and rare taxa 
were not down-weighted. CA and CCA were performed with CANOCO version 4.0 
(ter Braak and Smilauer, 1998). The quantitative July air temperature reconstructed 
in the present study is based on an average between MAT and CA regression. This 
approach hasan estimation error ofRMSE = 1.30°C (r = 0.94) . It is of note that this 
error is close to the actual standard deviation around the mean for the July air 
temperature, which average 1.7°C and 1.8°C, respectively in eastem Baffin Island 
and southem Greenland (Environment Canada, 2004; Cappelen et al., 2001). 
3.2.6. Methods for the reconstruction ofhydrographic conditions 
The transfer functions used for quantitative past sea-surface conditions is based on 
MAT applied to dinocyst assemblages and using the software ofGuiot and Goeury 
(1996). The reference database includes 60 taxa and 1054 reference sites from mid-
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to high latitude North Atlantic, North Pacifie and Arctic oceans, and adjacent sub-
polar seas (de Vemal and Hillaire-Marcel, 2006). The dissimilarity metric used is the 
euclidean distance calculated on neperian logmithmic transformed dinocysts 
abundance, expressed in per mil (de Vemal et al. , 2001; 2005). Unlike the SCD used 
with the pollen database, the dissimilarity metric used with the dinocyst database bas 
no upper limit. The adopted dissimilarity threshold for the present study is of74. 
The hydrographie estimates rely on a set of 5 modem analogues. The enor of 
prediction (RMSE) for the summer sea-surface salinity (SSS) and sea-surface 
temperature (SST) is estimated to be± 1.6°C for the win ter and summer SSTs, and 
± 1.2 psu for the salinity. It is of note that these enors are close to the actual standard 
deviation around the mean for the summer temperature and salinity data, which 
average 1.6°C and 1.1 psu, respectively in the modem hydrographical database 
(NODC, 2001). Relatively close analogues for dinocyst assemblages exist in the 
1054 sites modem database, with distances lower than 44 and 78 for cores HU021 
and HU085, respectively. 
3.2.7. Methods for the principal component analysis 
Detrended conespondence analysis (DCA) was first used to estimate the 
compositional gradient lenghts along the first few DCA axes in the lacustrine and 
marine records (Gauch, 1982; ter Braak and Prentice, 1988; Birks, 1995). For DCA 
calculations we used the pollen types and the dinoflagellates cysts selected for the 
quantitative climate and hydrographie reconstructions. Among the 34 pollen types, 
25 were present at Akvaqiak Lake and 32 at Qipisarqo Lake. Among the 60 
dinoflagellate cysts, 25 were present at HU021 core and 21 at HU085 core. The 
length of gradient of DCA axis 1 is 0.87 and 1.01 SD (standard deviation) units for 
Akvaqiak and Qipisarqo lakes, respective! y, and 1.09 and 1.41 SD units for HU021 
and HU085, respectively, which indicates linear responses ofboth pollen and 
dinoflagellate cysts data to the underlying environmental gradient and, therefore, 
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linear ordination (principal component analysis) was applied. Principal component 
analysis (PCA) was used to detect the major gradient among the fossil pollen and 
dinoflagellate cysts spectra. Because the variables are dimesionally homogeneous, a 
dispersion (variance/covariance) matrix was used (Birks, 1995; Legendre and 
Legendre, 1998). The number of pollen and dinoflagellate cysts was lowered. We 
selected taxa with a value 2:. 1% in at least one sample and created a collective 
category among the pollen types (Picea+Pinus) . This selection resulted in 10 pollen 
types for Akvaqiak Lake, 17 pollen types for Qipisarqo Lake, 15 dinoflagellate cysts 
for HU021 core and 17 dinoflagellate cysts for HU085 core. For PCA, as for the 
quantitative climate and hydrographie reconstructions, the relative frequencies (in 
percent) of the pollen types was square-root transformed and the relative frequencies 
(in per mil) of the dinoflagellate cysts was logarithmic transformed. These 
transformations were done in an attempt to optimize the signal-ta-noise ration and 
stabilize the variances. DCA was implemented with CANOCO version 4.0 (ter Braak 
and Smilauer, 1998) with rare taxa not down-weighted and PCA calculations were 
performed using the computer program Progiciel R (version 4) (Legendre and 
Legendre, 1998). Informations on PCA results (first three eigenvalues, % variance 
and loadings) are given on Table S2. 
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Figure Sl. Age-depth curves for the Akvaqiak (a) and Qipisarqo (b) lake composite 
sediment cores. Akvaqiak's and Qipisarqo's models are a smoothed linear interpolation 
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Figure S2. Summary pollen diagrams fromAkvaqiak (a) and Qipisarqo (b) composite 
lake sediment cores for the past 8000 calibrated years. Only taxa with a value = 1% in at 
!east one sample are illustrated. The following taxa are not illustrated: Abies, Myrica, 
Chenopodiaceae, Populus, Tubuliflorae-Liguliflorae, Plantago, Onagraceae, Apiaceae, 
Fabaceae, Caryophyllaceae, Scrophulariaceae, Polygonaceae, Papaveraceae. They were 
however included in the basic sum used to compute the relative frequencies . The taxa are 
ordered from those typical ofwarmer (Sub-Arctic shrub tundra) environments on the left, 
to those characterizing sites that are increasingly polar (high Arctic herb tundra) to the 
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Figure S4. (a) Locations of the 400 lake sediment surface samples used to construct the 
modern pollen database. The 400 sites have been grouped in nine geographical regions : 
Western Canada (WC), James Bay (JB), northern Québec (NQ), Fort Chimo - Diana Bay 
(FCD), Baffin Island (B), Arctic islands (A) and Greenland (G). (b) Results of 
Correspondence Analysis (CA) ordination showing sample scores from the 400 modem 
sites. A 95% ellipse is drawn around the reference sites of each region. ( c) Plot of CA 
axis 1 sample scores against interpolated July air temperature. The horizontal dashed 
li ne delineates sites in the Low Arctic from tho se occupying forest tundra. ( d) Canonical 
Correspondence Analysis (CCA) plot of environmental gradients associated with the 400 
modern sites. Note that Jan.T (January air T) and Ann. P (mean annual precipitation) are 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table SI (suite) 
(A) Akvaq iak Lake (98BIR-GO 1; 98BIR-02) (B) Qipisarqo Lake (98QfP-GO 1; 98QIP-02 
Core Raw Composite Calibrated Core Raw Composite Calibrated 
Depth Depth Age Depth Depth Age 
(cm) (cm) (yr BP) (cm) (cm) (yr BP) 
gravity 0. 125 0.125 JO gravity O.G25 O.G25 8 
gravity 0.375 0.375 30 gravity 0.875 0.875 Il 
gravity O.G25 O.G25 51 gravity 1. 125 1.125 14 
gravity 0.875 0.875 71 gravity 1.375 1.375 17 
gravity 1.125 1.1 25 9 1 gravity J. G25 J. G25 20 
gravity 1.375 1.375 Ill gravity 1.875 1.875 23 
gravity J.G25 J.G25 131 gravity 2. 125 2.125 2G 
gravity 1.875 1.875 !52 gravity 2.375 2.375 29 
gravity 2.1 25 2.125 172 gravity 2.G25 2.G25 33 
gravity 2.375 2.375 192 gravity 2.875 2.875 3G 
gravity 2.G25 2.G25 212 gravity 3. 125 3. 125 39 
gravity 2.875 2.875 233 gravity 3.375 3.375 42 
gravity 3. 125 3.125 253 gravity 3.875 3.875 49 
gravity 3.375 3.375 273 piston 1.5 4 50 
piston 0.5 3.5 283 piston 5.5 8 lOG 
piston 3 G 48G piston 10.5 13 182 
piston G 9 730 piston 15 .5 18 270 
piston 9 12 974 piston 20.5 23 370 
piston 12 15 12 13 piston 24.5 27 4G7 
piston 15 18 1444 piston 30.5 33 G5G 
piston 18 21 JGG7 piston 34.5 37 812 
piston 21 24 1882 piston 42.5 45 1207 
piston 24 27 2085 piston 45 .5 48 1388 
piston 27 30 2310 piston 50.5 53 1709 
piston 30 33 2G J3 piston 55 .5 58 204 1 
piston 33 36 3002 piston Gl.5 G4 244G 
piston 36 39 3430 piston G4.5 G7 2G48 
piston 39 42 3883 piston 70.5 73 3052 
piston 42 45 4350 piston 75.5 78 33 84 
piston 45 48 4824 piston 80.5 83 3707 
piston 48 51 5294 piston 8G.5 89 4071 
piston 5 1 54 5754 piston 91.5 94 4341 
piston 54 57 GJ95 piston 95.5 98 4539 
piston 57 GO G607 piston 100.5 103 4772 
piston GO G3 G9G9 piston 105 .5 108 4995 
piston G3 G6 7237 piston 110.5 113 52 15 
piston GG G9 7449 piston 115 .5 11 8 5435 
piston G9 72 7G2G piston 120.5 123 5G59 
piston 72 75 7775 piston 125.5 128 5887 
piston 75 78 790G piston 130.5 133 Gl20 
piston 135.5 138 G35 8 
piston 140.5 143 GG02 
piston 145 .5 148 G849 
piston 150.5 153 7 101 
piston 155.5 158 7357 
piston 1G0.5 163 7GJG 
piston JG5 .5 168 7880 
Table S2. Summary ofPCA results on the fossi l assemblages of 
Akvaqiak Lake, Qipisarqo Lake, HU021 marine core and HU085 
marine core. 
(A) Alkvaqiak Lake composite core 
Eigenvalues (/> .. ) 1.9065 
% variance 60. 12 
Sum of ali f... (total variance) : 3.1708 








Eigenvector (variable loadings) 
axis 1 
Betula -0.3807 
Erica les -0.3229 
Sa/ix -0.0740 
Poaceae -0.0151 
Picea + Pinus -0.0016 
Saxi fragaceae 0.0104 
Dryas 0. 1031 
Oxyria o. ~970 
A/nus 0.4365 
Cyperaceae 0.7106 
(B) Qipisarqo Lake composite core 
Eigenvalues (f...) 3.615 
% variance 44.19 
Sum of ali f... (total variance): 8.1 800 






























Eigenvector (variable loadings) 
axis 1 axis 2 axis 3 
Be tula -0.4699 0.2898 -0.4240 
Ericales -0.3720 -0.0345 0.2529 
Sa/ix -0.0523 -0.4109 0.1639 
Crassu laceae -0.0304 -0.0584 0.0412 
Saxifragaceae -0.0104 -0.1859 0.1061 
D1y as -0.0039 -0.0465 0.0453 
Ambrosia 0.0 107 -0.1772 -0.0075 
Oxyria 0.0190 -0.1 327 0.0710 
Poa.ceae 0.0356 -0.0978 0.1085 
Brassicaceae 0.0361 -0.0322 0.0574 
Thalictrum 0.08 16 -0.0346 -0.0297 
Artemisia 0.0855 0.0974 0.0055 
Ranunculaceae 0. 1008 -0.0278 0.0602 
Cupressaceae 0.2140 0.0517 -0.3716 
Picea + Pinus 0.2538 -0.1435 -0 .6926 
Cyperaceae 0.2644 -0.6364 -0.0727 
A/nus 0.6555 0.4545 0.258 1 
145 
146 
Table S2 (sui te) 
(C) Core HU02 1 
PCA axis 
1 2 3 
Eigenvalues (À) 2.9506 1.9136 1.643 
%variance 24.12 15.65 13.43 
Sum of ali À (total variance): 12.2310 
Mean of the À's: 0.8 154 
Eigenvector (variable loadings) 
axis 1 axis 2 axis 3 
Spiniferites ramosus -0.4545 0.2226 -0.0544 
fslandinium minutum -0.42 19 -0.6318 -0.3691 
Biteclatodinium lepi!.:iense -0.4 153 -0.0885 0.0363 
Nemotosphaeropsis labyrinthus -0.3309 0.0587 0.0735 
Spiniferites ssp. -0.2106 0.3964 -0.4881 
Brigantedinium spp. -0.060 1 -0.3956 0.2001 
!mpagidinium pallidum -0.0502 -0.0502 -0.2882 
Penlapharsodinium dalei 0.02 16 0.0356 -0.1812 
!mpagidinium patulum 0.0771 -0.0632 -0.0802 
Selenopemphi.x quanta 0.0842 -0.3219 0.2360 
fmpagidinium sphaericum 0.0872 -0 .1 363 -0.086 1 
!mpagidinium aculeatum 0.1002 -0. 1716 -0.3943 
Operculodinium cenlrocarpum 0.1236 -0.0192 0.1154 
Ataxiodinium choane 0.2407 -0.2579 -0.1369 
Spiniferites elongatus 0.4226 -0.00 19 -0.4505 
(D) Core HU085 
PCA axis 
2 3 
Eigenva1ue (À) 5.3704 3.6884 2.2308 
%variance 27.52 18.90 11.43 
Sum of ali À (total variance): 19.5172 
Mean of the À's: 1.148 1 
Eigenvector (variable loadings) 
axis 1 axis 2 axis 3 
Trinovantedinium applanatum -0.2447 -0.2 177 0.1256 
Brigantedinium spp. -0.1857 -0.2063 0.2297 
Pyxidinopsis reliculata -0. 1164 0.0762 0.2236 
!mpagidin ium pallidum -0.0947 0.1458 -0.3004 
Penlapharsodinium dalei -0.0909 0.1862 0.7666 
Bitectatodinium tepikiense -0.0523 0.2676 -0.0144 
fmpagidinium sphaericum -0.0509 0.4 109 0.1548 
Nemotosphaeropsis labyrinthus -0.0485 0.0 11 4 -0.0283 
Operculodinium centrocarpum -0.0403 -0.0959 -0.01 84 
!mpagidinium paradoxum 0.0656 0.1243 0.2800 
Spiniferites elongatus 0.1493 -0.0865 0.0840 
fmpagidin ium aculeatum 0.1633 0.0342 -0.0141 
!mpagidin ium spp. 0.3 147 -0.2465 0.0976 
fmpagidinium patulum 0.3658 -0.1943 0.1 194 
Spiniferites ssp. 0.3832 -0.2068 0.2495 
Spiniferites mirabilis-hyperacanthus 0.4543 0.6352 -0.0623 
Spiniferites ramosus 0.4756 -0. 1722 -0.0520 
CONCLUSION GÉNÉRALE 
Dans cette thèse, par une analyse détaillée des assemblages polliniques modernes et 
fossiles, nous avons exploré le potentiel paléoenvironnemental (végétation et climat) 
des grains de pollen et de spores contenus dans les sédiments lacustres des hautes 
latitudes de l'Hémisphère nord. L'analyse des assemblages polliniques modernes de 
400 sites lacustres du Canada (>50°N) et du Groenland, répartis de la forêt boréale au 
désert arctique, et leur comparaison avec les conditions climatiques actuelles, nous a 
permis de mieux cerner la relation pollen- climat. La reconnaissance d'un lien entre 
les assemblages polliniques et le climat nous a encouragé à reconstituer les climats 
passés de la Terre de Baffin et du Groenland. Les reconstitutions climatiques 
présentées s'appuient sur la méthode des meilleurs analogues modernes (BMA) et sur 
une régression issue d'une analyse factorielle des correspondances (CA). 
L' application de ces deux techniques, aux sédiments fossiles de la Terre de Baffin et 
du Groenland, nous a permis d'isoler un facteur pouvant interférer dans les 
reconstitutions paléoclimatiques de la région circum-arctique, soit la ressemblance 
entre les assemblages polliniques de sites à température hivernale et précipitation 
annuelles très différentes. Néanmoins, si elles sont utilisées avec prudence, les 
techniques de reconstitution developpées dans cette thèse sont encourageantes et 
méritent d'être exploitées. Effectivement, nous avons montré qu'en dépit des 
difficultés inhérentes à la palynologie des hautes latitudes, comme celles découlant de 
la faible productivité des plantes arctiques et du type de pluie pollinique enregistré 
dans le sédiment (régional ou extra-régional), il est possible de reconstituer 
quantitativement les températures estivales et d'illustrer l'évolution de la précipitation 
moyenne annuelle et de la température hivernale au cours d'une période donnée, 
permettant ainsi une estimation de la saisonnalité. La cohérence entre nos 
reconstitutions de la température estivale, et celles issues d'autres relevés 
paléoclimatiques terrestres, marins et même glaciaires, des environs de la baie de 
Baffin et de la mer du Labrador (e.g. Kerwin et al., 2004; NGRIP Members, 2004; 
de Vernal et Hillaire-Marcel, 2006), éprouve en quelque sorte la technique de 
reconstitution développée dans cette thèse. 
La relation entre les assemblages polliniques et le climat 
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L'analyse des données modernes a fait ressortir le lien étroit existant entre les 
assemblages polliniques de surface et la température actuelle de juillet (r = -0,86). 
Elle a, de plus, démontré la covariance existant entre la précipitation moyenne 
annuelle et la température de janvier. L'analyse a également montré que la 
corrélation entre ces deux variables climatiques est plus importante dans la toundra 
arctique (r = 0,83) qu'à travers la forêt boréale et la toundra subarctique (r = 0,53). 
Dans cette dernière région, la précipitation moyenne annuelle est également liée à la 
température de juillet (r = 0,53) alors que dans la toundra arctique, la relation entre la 
précipitation moyenne annuelle et la température du juillet est négligeable (r = 0,14). 
Ainsi, polir 1' archipel de 1' Arctique canadien et le Groenland, la reconstitution de la 
précipitation annuelle est intimement liée à la reconstitution de la température 
hivernale. 
Les exemples d'application ont fait ressortir une limite aux reconstitutions 
climatiques des sites de la Terre de Baffin et du Groenland. Cette limite s'applique à 
la reconstitution de leur précipitation moyenne annuelle (P ANN), de leur température 
de janvier (TJAN) et de leur température moyenne mmuelle (TANN). Les 
reconstitutions de la température de juillet sont réalistes. Pour les sites de la Terre de 
Baffin, les valeurs reconstituées de la P ANN, de la TJAN et de laT ANN de 
l'Holocène sont grandement sur-estimées. Cette sur-estimation s'explique par la très 
forte ressemblance (SCD bien souvent inférieure à 0,1 0) entre les assemblages 
polliniques de la Terre de Baffin et du Groenland, deux endroits à température 
hivernale et précipitation annuelle bien contrastées (cf. Tableau 3, Chapitre I). En 
effet, des analogues modernes du sud-ouest du Groenland ont été retenus pour Je 
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calcul des reconstitutions des sites de la Terre de Baffin, basées sur la BMA. Cette 
limitation est sérieuse et mérite notre attention, car elle touche à la théorie même des 
reconstitutions climatiques basées sur les assemblages polliniques. Elle nous indique 
que deux régions à température hivernale et précipitation annuelle très différentes 
peuvent produire des assemblages polliniques « identiques ». Notre savons que ceci 
est valable pour les sites de la toundra. Nous ignorons toutefois si cela s'applique 
également aux autres fmmations végétales. 
Afin de bien reconstituer ces paramètres (PANN, TJAN, TANN) sur la Terre de 
Baffin, nous pourrions omettre de la base de données de référence les sites modernes 
du Groenland. En effet, le Groenland en raison de sa calotte glaciaire et d'un courant 
océanique chaud de surface, longeant ses côtes sud et ouest, constitue un 
envirmmement particulier et distinct de celui de 1' archipel de 1 'Arctique canadien. Il 
y a toutefois un obstacle à cette avenue : que devrions-nous penser alors des 
reconstitutions de la P ANN, de la TJ AN et de la T ANN du tardi glaciaire et de 
l'Holocène inférieur des régions englacées. Pour ces régions, le tardiglaciaire et 
1 'Holocène inférieur représentent deux périodes où les calottes glaciaires sont parfois 
encore présentes et où l'insolation estivale est maximum? Il s'agit aussi, comme au 
Groenland, d'un environnement particulier. Il arrive souvent qu'il n'y ait pas 
d'analogues modernes pour ces périodes, mais pour d'autres sites, des analogues 
. existent. Nous nous pencherons bientôt sur ce problème lié à la reconstitution de la 
PANN, TJAN et TANN des sites de la Terre de Baffin en espérant y trouver une 
solution. Nous pourrions, par exemple, calibrer les taxons en fonction de la variable 
environnementale à l'aide d'une analyse canonique des correspondances. Malgré 
tout, nous avons montré dans notre travail de recherche qu'il est possible d'estimer, 
semi-quantitativement, ces paramètres climatiques à l'aide de l'analyse factorielle de 
correspondances. 
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Le dernier interglaciaire 
Lors du dernier interglaciaire, une toundra arbustive relativement dense colonisait les 
sols de la péninsule de Cumberland, alors qu'aujourd 'hui cette région abrite une 
toundra herbacée clairsemée. Les bouleaux colonisaient alors les sols de la région 
avec peut-être quelques aulnes isolés. Contrairement à l'Holocène, la végétation du 
dernier interglaciaire était plus homogène sur la péninsule de Cumberland. Le 
caractère de la végétation du dernier interglaciaire est typique de la végétation de la 
zone bioclimatique du bas Arctique, plus précisément de la végétation actuelle du 
sud-ouest du Groenland entre les latitudes 60-64°N et les longitudes 44-50°W. À cet 
endroit la température estivale est de 7,4 ± 1,8°C (Cappelen et al. , 2001). La 
présence d'une toundra arbustive sur la péninsule de Cumberland, lors du dernier 
interglaciaire, implique une extension, de quelques centaines de kilomètres, de la 
zone bioclimatique du bas Arctique sur la côte est de la Terre de Baffin. 
Les températures estivales du dernier interglaciaire sur la péninsule de Cumberland 
ont atteint des sommets de 8 à 1 0°C, ce qui est substantiellement plus chaud que les 
températures actuelles. La température de juillet actuelle sur la péninsule de 
Cun1berland est de 4,6 ± 1,7°C (Environnement Canada, 2004). Nos reconstitutions 
ont également indiqué une température hivernale plus chaude que celle de l'actuel 
ainsi qu'une précipitation annuelle plus abondante durant cette période, sans doute 
principalement sous forme de neige. Par ailleurs, nous savons qu 'un couvert de neige 
est nécessaire à la protection des racines du bouleau arbustif (cf. Fredskild, 1973 ; 
1991). En regard de ces résultats, nous croyons que le climat du dernier interglaciaire 
sur la Terre de Baffin était plus océanique que l'actuel. 
Le climat du dernier interglaciaire, sur la côte est de la Terre de Baffin, était donc de 
4-5°C plus chaud qu'actuellement. Ces données sont cohérentes avec d' autres 
reconstitutions disponibles pour la portion ouest des hautes latitudes de l'Hémisphère 
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nord (LIGA Members, 1991 ; Bennike and Bûcher, 1994; NGRIP Members, 2004; 
CAPE Last Interglacial Project Members, 2006, Otto-Bliesner et al. , 2006). Une 
augmentation des précipitations annuelles sur la péninsule de Cumberland sous-
entend une diminution de l'étendue du couvert de glace de mer dans la baie de Baffin 
et le détroit de Davis (cf. Williams et Bradley, 1985). Un rétrécissement du couvert 
de glace de mer et de la calotte groenlandaise, lors du dernier interglaciaire, a 
dernièrement été suggéré par Otto-Bliesner et al. (2006) et Overpeck et al. (2006). 
La présence d'une végétation de toundra arbsutive sur la côte est de la Terre de Baffin 
a sans doute, tout comme la faible étendue de glace de mer dans la région, diminué 
l' albédo du territoire et amplifié le réchauffement (e.g. Chapin et al., 2005). Le 
remplacement d 'une végétation de toundra herbacée, par une végétation de toundra 
arbustive, sur la Terre de Baffin est une information pertinente aux changements 
climatiques, tout comme l'intégration de nos données, dans une perspective circum-
arctique (CAPE Last Interglacial Project Members, 2006 ; Otto-Bliesner et al. , 2006), 
peuvent l'être aux simulations numériques visant à transcrire la répartition du 
réchauffement à travers les hautes latitudes de l'Hémisphère nord en cas d ' un 
réchauffement planétaire substantiel (e.g. Overpeck et al., 2006). 
L'Holocène 
Les techniques de reconstitution (BMA et CA) appliquées aux séquences de 
sédiments lacustres holocènes de la Terre de Baffin et du Groenland montrent un 
refroidissement progressif estival, de l'Holocène moyen à l'Holocène supérieur, 
lequel est cohérent avec la diminution de l'insolation estivale (Berger et Loutre, 
1991). Les reconstitutions montrent également une augmentation de la température 
hivernale, en accord avec l'augmentation progressive de l'isolation hivernale. Nos 
reconstitutions transcrivent ainsi une diminution de la saisonnalité de l'Holocène 
moyen à aujourd'hui. Elles indiquent également une augmentation de la précipitation 
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annuelle lors de 1 'Holocène supérieur. Par ailleurs, une augmentation des 
précipitations armuelles à l'Holocène supérieur a été suggérée par Dahl et Nesje 
(1996) et Nesje et al. (2001) pour expliquer l'avancée des glaciers scandinaviens au 
cours de cette époque. L'augmentation de la précipitation annuelle et de la 
température de janvier suggèrent un climat davantage océanique sur les côtes 
adjacentes à la baie de Baffin et au détroit de Davis depuis ca. 5000 ans BP. 
Que ce soit sur la côte est de la Terre de Baffin ou la côte sud-ouest du Groenland, la 
transition entre l'Holocène moyen et l'Holocène supérieur, à ca. 5000 ans BP, est 
marquée par une augmentation notable de la représentation du pollen de bouleau (cf. 
Annexe B). Il s'agit de bouleau arbustif; sans doute de Betula glandulosa. Le 
bouleau glanduleux est une espèce de bouleau océanique, auquel un certain niveau 
d'humidité est nécessaire à la survie (Fredskild, 1973 ; 1991). Son développement 
régional à l'Holocène supérieur peut avoir été favorisé par le climat « océanique » de 
l'époque. 
Le refroidissement estival, de l'Holocène moyen à l'Holocène supérieur, a été de 
l'ordre de 0,5 à 1,0°C sur la côte est de la Terre de Baffin alors que sur la côte sud-
ouest du Groenland, il fut beaucoup plus important, i.e. de l'ordre de 3,0 à 3,5°C. 
Une évolution climatique contrastante entre la côte est de la Terre de Baffin et la côte 
sud-ouest du Groenland sous-entend l'existence d'un régionalisme du climat à travers 
la baie de Baffin et le détroit de Davis et par le fait même, entre les eaux des marges 
est canadiennes et celles plus au large. En effet,. de Vernal et Hillaire-Marcel (2006) . 
ont montré que le refroidissisement des eaux du surface du talus du Labrador a été 
quasi-nul au cours de cette période alors que celui des eaux de l'Atlantique central, 
plus précisément à proximité de la Ride de Reykjanes fut de plus de 6°C. Ce 
contraste climatique d 'ouest en est ainsi que la diminution de son intensité de 
l'Holocène moyen à l'Holocène supérieur suggèrent une diminution progressive de 
l'influence du flux d'eau chaude nord Atlantique le long de la côte sud, sud-ouest du 
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Groenland, alors que l'est de la Terre de Baffin et les marges est canadiem1es seraient 
vraisemblablement demeurées sous l' influence des courants froids de Baffin et du 
Labrador. Les résultats de notre recherche s'ajoutent ainsi à plusieurs autres études 
(e.g. Bond et al., 1997; CAPE Project Members, 2001 ; Hammarlund et al. , 2002; 
Davis et al., 2003 ; Kaufman et al., 2004 ; Solignac et al., 2004; de Vernal et 
Hillaire-Marcel, 2006) et confortent le caractère instable du climat de l 'Holocène, à 
travers le temps et 1' espace. 
Épilogue 
Au terme de ce travail de recherche, nous pouvons affirmer que l'analyse pollinique 
de sédiments lacustres arctiques s'avère un excellent outil pour reconstituer la 
végétation de toundra à long et moyen terme et préciser l'histoire climatique des 
hautes latitudes de l'Hémisphère nord. Il serait maintenant intéressant de préciser le 
délai de réaction de la végétation arctique à un changement climatique. Pour ce genre 
d'étude toutefois la reconstitution climatique devra être faite à l'aide d'un proxy 
climatique indépendant, comme par exemple les chironomides. De même, l'étude 
d ' autres sédiments interglaciaires nous permettrait de préciser l'étendue de la toundra 
arbustive sur la Terre de Baffin et peut-être ainsi d'élucider le mystère planant 
toujours sur la présence locale de l'aulne à cette époque et même en des temps plus 
récents. 
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ANNEXE A 
LA BASE DE DONNÉES POLLINIQUES DE RÉFÉRENCE 
Le matériel de cette annexe est présenté sur un disque CD. 
Il s'agü de sept tableaux en format Excel. 
Le texte sur les tableaux est rédigé en anglais. 
Al. Les données climatiques des stations météorologiques du Canada et du 
Groenland utilisées pour estimer par interpolation le climat des sites de référence. 
A2. La source des données polliniques de la base de référence. 
A3. Les données climatiques et bioclimatiques des sites de référence. 
A4. Le nom des taxons polliniques répertoriés parmi les 400 sites de référence et 
l'infom1ation concernant leur groupement (ham1onisation taxonomique). 
AS. Le dénombrement des données polliniques brutes (159 taxons). 
A6. Le dénombrement des données polliniques après harmonisation taxonomique 
(63 taxons). 
A 7. Le dénombrement des données polliniques retenues pour les reconstitutions 
climatiques (34 taxons). 
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ANNEXEB 
DIAGRAMMES POLLINIQUES COMPLETS DES SITES À L'ÉTUDE 
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BS. Diagramme pollinique complet des sédiments holocènes du lac Akvaqiak 
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B6. Diagramme pollinique complet des sédiments de l'Holocène supérieur du lac 
Akvaqiak (carottier à gravité) sur la Terre de Baffin. Seuls les spectres polliniques 
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B7. Diagramme pollimque complet des sédiments holocènes du lac Qipisarqo 
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B8. Diagramme pollinique complet des sédiments postérieurs au petit âge glaciaire 
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La localisation des régions (A, B, FCD, NQ, ffi, G, WC-3, WC-2, WC-1) indiquées 
sur le diagramme des sites de référence est dmmée à la figure 1 du Chapitre I. 
La somme de base utilisée pour le calcul des pourcentages ne comprend que les 
spermatophytes. Le pourcentage des spores de ptéridophytes, bryophytes 
(Sphagnum) et des plantes aquatiques a été calculé en fonction de la somme de base 
définie par les spermatophytes. 
La localisation des sites polliniques à l'étude est donnée à la figure 1 de 
1' introduction. 
L'infom1ation concernant les mesures radiocarbones indiquées sur les diagran1mes 
pollimques des sites à l'étude est dom1ée à l'Annexe C. 
Appendix 81 
Modern Pollen Spectra; see Fig. 1 (Chapiter 1) for location of the regions (A, 8 , FCD , NO, JB, G, WC) 
400 si tes , 34 ·taxa 
Relative frequency diagram 
Grassland- Boreal zones Subarctic - Low Arctic zones 
Taxa are ordered according to thei r scores on the primary CCA axis (Fig. 78, Chapter 1), which appear in brackets 
-- --------------------------------------------------------------------------~ 
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Appendix 82 
Fog Lake (96FOG-05) , piston core 
67" 11 ' N, 63°15' W , altitude: 460 m asl 
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Appendix B3 
Brother of Fog Lake (98BR0-05) , piston core 
6J011' N, 63°15' W , altitude: 380 m asl 
Relative frequency diagram 
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Appendix 84 
Amarok Lake (98AKL-02), piston core 
66°16' N, 65°45' W , altitude: 848 m asl 
Relative frequency diagram 
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Akvaqiak Lake (98BIR-02} , piston core 
66°47' N, 63°57' W , 45 m asl 
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Appendix 86 
Akvaqiak Lake (98BIR-G01 ), gravity (Giew) core 
66°47' N, 63°57' W , 45 m asl 
Relative Frequency Diagram 
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Appendix 87 
Qipisarqo Lake (9801P-02), piston core 
61°00' N, 47"45' W , 7 m asl 
Relative Frequency Diagram 
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Appendix 88 
Oipisarqo Lake (9801P-G01 ), gravity (G iew) core; sediment post-LIA 
61 °00' N, 4JC45' W , 7 m asl 
Relative Frequency Diagram 
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Appendix C 
Uncorrected 1'1C date Depth Unit Laboratory Material 
(cm) No. (yr BP) 
Cl. Fog Lake (96FOG-05), piston core 
12.5- 13 .0 FOG-V CAMS-30531 Humic acids 3600 ± 70 
25 .0-25.5 FOG-V CAMS-30532 Humic acids 4690 ± 70 
37 .5-38.0 FOG-V CAMS-30533 Humic acids 5910 ± 50 
45.5 - 46.5 FOG-V CAMS-30535 Macroflora 6150 ± 70 
45.5 - 46.5 FOG-V CAMS-30534 Humic acids 6320 ±50 
52.0- 53 .0 FOG-IV CAMS-34298 Macro flora 8130 ± 50 
56.0- 57.0 FOG-IV CAMS-28649 Macro flora 8370 ± 60 
61.0- 63.0 FOG-IV CAMS-30536 Macro flora 8030 ± 50 
66.0- 67.0 FOG-IV CAMS-34299 Hurnic acids 14,630 ± 60 
70.0-71.0 FOG-IV OS-26222 Chi tin 7950 ± 240 
75 .0- 76.0 FOG-IV CAMS-34300 Hurnic acids 15 ,690 ± 70 
79 .0-81.0 FOG-IV CAMS-30537 Macroflora 32,300 ± 470 
110.0-111.5 FOG-III CAMS-28652 Macroflora >52,200 
C2. Brother-of-Fog Lake (98BR0-05), piston core 
30.0-31.0 BRO-IV NSRL-10617 Humic acids 33,300 ± 320 
65.0- 66.0 BRO-IV NSRL-1061 8 Humic acids 32,200 ± 440 
86.5 - 87.5 BRO-III NSRL-10131 Macro flora 60,000 ± 1900 
C3. Amarok Lake (98AKL-02), piston core 
6.5- 7.5 AKL-III NSRL-13451 Macro flora 3139 ± 35 
31.5-32.5 AKL-III NSRL-13452 Macro flora 6620 ± 45 
67.0-68.0 AKL-II ? ? 8610 ± 110 
85.5- 86.5 AKL-II NSRL-13453 Humic acids 9470 ± 60 
107.5- 108 .5 AKL-II NSRL-13454 Humic acids 11 ,400 ±55 
124-125 AKL-I OS-18067 Macro flora 46,000 ± 640 
170-171 AKL-I OS-18066 Macro flora 47,900 ± 780 
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Appendix C (suite) 
Uncorrected 14C date Depth Unit Laboratory Materia1 
(cm) No. (yr BP) 
C4. Akvaqiak Lake (98BIR-02) , piston core attention 
11.0 - 12.0 BIR-II NSRL-11345 Macro flora 1000 ± 50 
11.0- 12.0 BIR-II NSRL-11346 Hunuc acids 1700 ± 45 
23.0- 24.0 BIR-II NSRL-10621 Humic acids 2510 ± 45 
31.0 - 32.0 BIR-II NSRL-11347 Macro flora 2270 ± 60 
31.0 - 32.0 BIR-II NSRL-11348 Humic acids 2840 ± 55 
43.0-44.0 BIR-II NSRL-10622 Humic acids 4290 ± 50 
63.0- 64.0 BIR-II NSRL-10623 Humic .acids 6810±55 
82.5- 83 .5 BIR-II NSRL-10624 Humic acids 7670 ± 60 
82.5- 83 .5 BIR-II NSRL-10176 Macro flora 7330 ± 95 
142.0- 143.0 BIR-I NSRL-10139 Macro flora 8560 ± 100 
159.5- 160.5 BIR-I NSRL-13332 Huwc acids 21 ,590 ± 75 
CS . Akvaqiak Lake (98BIR-G01), gravity (Glew) core 
6.0-6.5 BIRG-I NSRL-11342 Humic acids 1200 ± 65 
10.5-11.0 BIRG-I NSRL-10625 HunUc acids 1920 ± 55 
16.0-16.5 BIRG-I NSRL-11343 HunUc acids 2480 ± 60 
20.5-21.0 BIRG-I NSRL-10626 HunUc acids 2320 ± 45 
26.0-26.5 BIRG-I NSRL-11344 Humic acids 2990 ± 50 
30.5-31.0 BIRG-I NSRL-10627 Humic acids 3750 ± 55 
C6. Qipisarqo Lake (98QIP-02), piston core 
19.5- 20.5 QIP-I CURL-4475 Humic acids 1240 ± 35 
39.5- 40.5 QIP-I CURL-4486 Humic acids 1330 ± 40 
59.5 - 60.5 QIP-I CURL-4476 Humic acids 2570 ± 35 
86.0- 87.0 QIP-I CURL-3037 HunUc acids 3970 ± 40 
135.5- 136.5 QIP-I CURL-4487 HunUc acids 5840 ± 60 
135.5 - 136.5 QIP-I CURL-4488 Macro flora 5610 ± 60 
187.0- 188.0 QIP-I CURL-3038 HunUc acids 8400 ± 40 
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Abstract 
The warmest millen nia of at !east the past 250,000 years occurred du ri ng the Last lnterglaciation, wh en global ice volumes were similar 
to or smaller than toda y and systematic variations in Earth's orbital parameters aligned to produce a strong positive summer insolation 
anomal y throughout the Northem Hemisphere. The average insolation du ring the key summer months (M, J , J) was ca Il % above 
present across the Northem Hemisphere between 130.000 and 127.000 years ago. with a sli ghtly greater anomaly, 13%, over the Arctic. 
Grea ter summer insolation. earl y penultimate deglaciation, and intensifica tion of the North Atlantic Dri ft. combined to reduce Arctic 
Ocean sea ice, allow expansion of boreal fo rest to the Arctic Ocean shore across vast regions, rcduce permafrost. and mclt almost ali 
glaciers in the Northem Hemisphere. Insolation. amplified by key boundary condition feedbacks. collectively produced Last lnterglacial 
summer temperature anomalies 4-5 oc above present ovcr most Arctic lands, significantly above the average N orthern Hemisphere 
anomaly. The Last lnterglaciation demonstrates the strength of positive feedbacks on Arctic warming and provides a potentially 
conservativc analogue fo r anticipated future greenhouse wanning. 
© 2006 Elsevier Ltd. Ali rights reserved . 
1. Introduction 
Planeta ry wa rm limes in the recent geo logical past 
infonn the deba te o ver Earth's respo nse to the continu ing 
build up of radia tively active a tmospheric trace gases. 
Strong positive feedbacks in the Arctic a re expected to 
amplify future greenh ouse wanning (Holland a nd Bitz, 
2003), but the cumulative effect o f these feedbacks remains 
debated (Serreze a nd ·Fra ncis, 2006). Past planeta ry wann 
limes provide a testing ground fo r the debate over polar 
amplifica tion o f climate change. During the Last Inter-
glaciati on (LIG) Earth was wanner than at any time in a t 
!east the past 250,000 years, with global temperatures 
0-2 oc above present (e.g. , CLIMAP Project M embers, 
1984; Bauch and Erlenkeuser, 2003). C ircum-Arctic 
wanning is recognized to have been substantia l durin g 
the LIG (Laurilzen and Anderson, 1995), but qua ntita tive 
reconstructions fo r this regio n a re lack ing. 
·correspondi n~ au thor. G. H. Miller. Tel. : + 13034926962. 
E-mail addrcss: gi iTord.miller(r_!.'colo rado.edu. 
1 A fu ll list o f au tho rs appears in Appendix A. 
0277·379 1/S-see front ma tt er (0 2006 Elsevier Ltd. A li rights reserved. 
doi: 10. 10 16/j.quascirev.2006.01.033 
Here we present quantita ti ve estima tes o f circum-Arc tic 
LIG summer air and sea-surface tempera tures recon-
structed from proxy records preserved in terrestrial a nd 
marine a rchives. These reconstruc tio ns demonstra te tha t 
Arctic summer air temperatures averaged ca 4--5 oc above 
present for most o f the Arctic, weil a bove the planetary 
LIG average, a ltho ugh with coherent spa ti a l pa tterns in the 
magnitude o f wannth . A rctic summers were wa rn1 enough 
to meil ali glaciers below 5 km elevation except the 
G reenland lee Sheet, which was reduced by ca 20-50% 
(Cuffey and Marshall , 2000; Otto-Bl iesner e t a l. , 2006). l n 
addition, the margi ns of pern1anent Arctic Ocean sea ice 
retracted weil into the A rctic Ocean basin and borea l 
fo rests adva nced to the A rctic Ocean coast across vast 
regions o f the Arc tic currently occupied by tund ra, 
a ltho ugh the centra l Arctic Ocean basin remained cove red 
by permanent sea ice (Spielhagen et al. , 2004). These 
boundary conditi on changes red uced Earth 's a lbedo and 
a ltered the excha nge of heat, moisture a nd trace gases 
between the land , ocean and a tmosphere, collectively 
amplifying inso la tion-driven (Fig. 1) circum-A rctic inter-
glacia l wa nnth . 
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Fig. 1. M onthly insolation anomalies (deviations from the present) for the 
timc pcriods from 25 ka to present (upper panel) and from 140 to 115 ka 
(lowcr panel} at 65°N, showing the larger insolation anomaly for the Last 
lntcrglaciation relat ive to the present intcrglaciation. Anomalies arc 
cxpresscd as W m- 2; lime is in thousands of years bcfore present. 
2. The Last lnterglaciation 
The LIG was recognized more than a century ago in 
nonhern Europe ( Harting. !X75). Subseq uentl y. it was 
defined from po llen reco rds as the Eemian , a lime of 
deciduous fo rests bo unded by periods of tundra (Jcsscn 
and Mi lthcrs. !928 ). A half-century later. the Eemia n was 
corre lated with marine isotope stage (M IS) 5 ( Emiliam . 
!955). and eventua lly with the much shorter MIS Se 
(Shacklctùn. 1969: M.•ngcrud ct a l. . !979: Shackleton ct al.. 
2002). The U G was securely placed in a n abso lu te time 
frame when correla ted to co ral terraces o n stable pla tfo rms 
tha l were amena ble to high-precision uranium-series da ting 
( Brocckcr and Yan Donk. 1970: Gallup ct al.. 2002). Wc 
define the u a tempo rally as the penult ima te interval of 
minimum glo ba l ice vo lume. when sea leve! was a t or above 
present. [t is now widely accepted that sea leve! reached 
modern levels !30 ±2 ka (thousa nds o f years ago). and 
remained a t or above this leve! until the incep tion of the 
las t glacia tio n. as ice grew on the continents ca 11 6 ka 
(Stirling ct al.. !998; Hcndcrso n and Slowey. 2000: 
Mccu lloch and Esa l. _()00: Ga llup ct al.. 2002: Muhs 
ct a l. . 2002). Altho ugh we use the tcrm LlG as broadly 
corre la tive with both the Eemian and M [S 5e, we recognize 
tha t these intervals a re no t precisely co rrelative. The first 
ha lf of the LIG coincides with an unusually strong 
No rthern Hemisphere positi ve summer insolation anom-
aly. whereas summer insolation receip ts a re rela ti vely low 
through the huer half of the marine hi ghs tand ( Fig. !). 
Peak Eemian warrnth may have occ urred slightl y before 
sea leve! reached present. a nd ce rtai nly was over long 
before sea leve! fel! be low present ca 11 6 ka (Zagwijn. 1996: 
Gresfjcld ct al.. !996). Despite these modest tempo ral 
differences. sea leve! provides a powerful tool fo r co rrelat-
ing the LIG across much o f the globe. and associated co ral 
reefs offer the most secure dating of the LIG. 
The LIG has received less attenti on in the A rctic than at 
mid-latitudes, largely beca use o f difficult access and 
paucity o f sites. A decade ago, a circum-Arctic summary 
co nfirmed that the LIG was warrner than prese nt 
( l auritzcn and Anderson. !995). a ltho ugh quan tita tive 
estima tes of warmth were not then possible. ln the 
intervening decade, many new si tes have been described 
from bo th marine and terrestri a l a rchi ves, systematic 
recovery of sea-ftoor sediment from the Arctic Ocean has 
provided new evidence for the state of the polar ocean 
during the LlG. and new trai ning sets, co upled to 
improved statistical tools. allow more precise quantifica-
tion o f man y elima te proxies ( ter Braak 'md J uggins. !99J: 
Birks. 1998). Fo r many Arctic regio ns. rc liab le transfer 
functions for summer tempera tures are now available for 
pollen. ch iro no mids, diatoms, dinoflagellates. planktonic 
a nd benthonic fo rami nifera. a lkenones. and severa! ice-
co re pa rameters. Conseq uently, it is now possible to 
describe quantita tively a t !east some aspects of the LI G 
climate in the Arctic. 
3. Methods 
3.1. Dating the Las/ lnterglaciation 
We capitalize o n the uniqueness o f the La te Quaternary 
cl ima te reco rd and recent advances in geochronology to 
defi ne U G sites with reasonable certainty. Arctic sites with 
continuo us accumulation since the LIG demonstra te tha t 
o nly the LIG shows evidence of summer temperatures 
compara ble to, o r higher than the Ho locene. Ma terials 
suitable for high-precisio n U(fh analyses are rare in the 
Arctic, but advances in trapped-cha rge dating (optically 
stimulated luminescence, infra-red-stimula ted lumines-
cence. thermo luminescence) provide independent verifica-
tio n o f LIG ages for many sites, altho ugh the dates o ften 
lack sufficie nt precisio n to subdivide the interglacia tio n 
( Berger and Anderso n. 2000: Murray and Funder. 2003). 
Diagnostic tephra, especia lly in Alaska and the No rdic 
Seas. pro vide additio nal temporal co nstraim ( Ha~idaso n 
ct al. . 2000: Bcgét and Kcs kincn. 2003: Rasmussen ct a l. . 
2003a. b). LIG sites (Tables l and 2) are identified with 
moderate to high certainty by a combination of strati-
grap hie position. climate p roxies, abso lute dating. a nd 
rela tionship to stratigraphie marker horizons (e.g. diag-
nostic tephra). 
3.2. Quantifying Last lnterglacial summer temperatures 
At hi gh northern latitudes. summer tempera tures exert 
the dominan t co ntrol on glacier mass balance. unless 
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Table 1 
Published si tes with qu:lnt ita ti ve summer temperature est imates for peak U G w:trmth from terrestrial sites a round the circum-Arctic. Detai ls of site 
loc..'l tion and reconstruction techniques a re provided in the references cited . Sorne key cites with important qua liwt ive LIG !>ummer or win ter tempenJture 
or precipitation are a lso incl uded 
Pro x y 
Scandinavia 




European Russ ia Po llen, piani 
macrofossi ls 
West central Sibcria Pollen, piani 
macrofossils 
NE Siberia Pollen 
NE Siberia Lake Pollen 
Elgygylgyn 
Si beria Pollen 
Alaska 
NW Alaska Squirrel Lake, Pollen, plant 
SW Brooks Range macrofossils 
NW Alaska Ahaliorak Pollen 
Lake, Norlh Slope 
NW Alaska Imuruk Lake, Pollen 
Seward Pen . 
NW Aluska Noatak Valley Pollen, beet les. 




6 IO 8 
4 IO 8 
;. 3 
4 IO 5 
1 IO 2 
1 10 2 




5 10 7 
;. 4 
- 1 IO - 3 
-1 10 -2 









(SaarniSlo el a l., 1999) Boreal fores t north of 
present limit; birch a t 
A retie Ocea n sho re . 
(Devya lova, 1982) Bore:t l forest north o f 
(Grichuk, 1984) present lim it. 
(Gudina el a l. , 19HJ) Boreal fo rest 800 km 
(Grichuk, 1984) north o f present limit. 
(Lozhkin and Treelîne (boreal fores t) 
Anderson, 1995) -600 km f:~rther no rth 
and west o f modern 
rJ nge limits . Range 
extensions up to 
IOOOk rn for primary 
trec spec ies. 
(Lozkhin el a l., 2006) Nort hern ex tension o f 
trec: line by at least 
150km. 
(Andreev el al ., 2004) Sorne plant taxu 
sugges t even wanner 
su rn mers. 
(Berge r and A nderson. Continuous high-
2000) resolut ion pollen 
(Anderson, 2005) record. Currently near 
trecline . Black spruce 
boreal fores t il l LIG , 
analogous to full y 
developcd modem 
forests located 




tempemture estima tes. 
(Brubaker el al., 1996) Continuous record . 
(Ande rson a nd C urrently in tundra o f 
Brubaker. 1 9~6) Brooks Range. In LI G 
(D ru baker, 2005) forest ex tended north 
or Brooks Range (al 
leaSl 50 km). 
Unpublished po llen· 
Panalogue-der ived 
tempemture estima tes. 
(Shack lelon, 1982) Con tinuous low-
(Colinvaux, 1964) resolutio n record. Old 
Crow tephra. Tundra 
toda y, boreal fo rest in 
LIG; wes tward 
expansion heyond 
present Ji mits . 
(Edwards el al., 2003) T und ra toda y. OC 
tcphrJ reworked into 
LI G sediment. 
T recline in Brooks 
Range of north 
present limit in LIG 
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Table 1 (conl inucd) 
Pro x y t.T ( "C) 6T("C) Ppt Reference Comments 
Summer Wintcr 
lnte rior Alaska Eva Creek Pollen. spores, soi ls 010 2 Weuc:r (M uhs, et al. 2001) 
Intcrio r Alaska KY-Il. Po llen, tcphra 010-2 010 1 (Humilton and Contains Old C row 
Koyukuk River, So uthern Dri ghum-Grelle, 1991) tephra; partial record 
Brooks Range (Schweger, 2002) of LIG. Unpublishcd 
pollen an<:~log-derived 
temperature estima tes. 
lnterio r Alaska Pa lisades Pollen, sprucc (Deget, et al. , 199 1) Contains Old Crow 
of the Yukon needles. tephra tephrJ 
Western Alaska Nome Pollen, Wanner (Drigham-Grette and Pollen in Pelukian 
Hopkins, 1995) (LIG) murine de posits 
indicates borea l forest 
bcyond Holocene 
limits 
NW Alasaka Deering Sprucc Warmer (Brigham-Grette and Macrofossils in 
macrofossils, Hopkins, 1995) Pelukian (LIG) murine 
deposi ts ind ica te 
spruce was beyond 
Holocene sprucc limi t. 
NW Alaska Baldwin Spruce Wam1er (Brigham·Greue and Macrofossi ls in 
Peninsula macrofossi ls H opkins, 1995) Pelukiun (LIG) marine 
deposi1S indic<.~ te 
spruce was beyond 
Holocene spruce limit. 
lnterior Alaska Birch Pollen 0 to -2 010 3 Wetter (Edwards and Lake sediments; 
C reek McDowell , 199 1) contains Old Crow 
(Edwards, 2005) Tephra. Unpublished 
pollen a na log·derived 
temperature estima tes. 
Co.~ nada 
Tuktoyaktuk. NW Canada Plant macrofossils (Rampton, 1988) Boreal forest at coast 
Old C row Basin, northern plant macrofossils, Wurmer (Manhews et al. , 1990) Extnl · limital taxu 
Yukon beetles currently rcs tri cted to 
southern Yukon and 
northern British 
Colum bia 
Hudson Bay Plant macrofossi ls Wanner (Dredge et al., 1990) Boreal forest farther 
north 
Banks Isla nd , Arct ic Pollen , plant Wann cr (Ma nhews et al., 1986) 
Canada macrofossils, 
insects 
EJiesmere ls Pollen Wam1er (Evans and Mou, Possible LI G; organ ics 
1993) between till 
Robinson Lake. SE Ballin Pollen (Miller et al. , 1999) Stratified LIG 
Island. (Frechen e. 2005) lacustrine sediment 
below till . 
Corresponde nee 
analysis regression : 
Best modern analogue 
Amarok Lake, S. Pollen 5 IO 6 (Fréchelle ct ul. , 2006) Stratificd LIG 
Cum berl and Peninsuh1 . lacustrine sediment 
Baffin !s. Corresponde nee 
analysis regression; 
Best modem ana logue 
Fog Lake. N. C umberl and Pollen 3 to 4 (Frechelle et a l. , 2006) Stratified LIG 
Peninsuh1 , Baffin ls. lacustrine sediment. 
Corresponde nee 
ana lysis regress ion; 
Bes t modern ana logue 
Fos Lake, N. Cumberland Chironomids 7±2 (Francis et ul., 2006) Stratified LIG 
Peninsula. Baffin ls. Jacustrine sediment. 
Weighted averaging 
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Table 1 (con liflucd) 
Brother of Fog Luke N . 
Cumberland Pen 8~1rfin ls. 
Brother of Fos Luke N. 
Cumberland Pen Baffin ls. 
Flitaway Beds, Isortoq 
Beds, Centra l Baffin ls. 
Green land 
NGRIP, Centra l 
Green land 
Renia nd, E Green land 
l<lmeson Land. East 
Greenl<Jnd 
Thule, NW Greenland 

















4 lO 5 
liT("C) 
Win ter 
Ppt Rererence Comments 
(Fréchette el al., 2006) Stratified LIG 
t~cus trine scdimenL 
Correspondence 
anulysis regression; 
(Francis el al. , 2006) 
(Morsan et al., 1993) 
(North Groenland lee 
Core Project members, 
2004) 
(Johnsen el al., 200 1) 
(Bennike and Bôcher, 
1994) 
(Funder el al. , 1998) 
(Bc:nnike and Wcidick , 
200 1) 
(Kelly et al., 1999) 




Originally thought to 
be LIG, then assigned 
to Plio·Pieistocene 
bccause estimated 
temperatures so warm: 
now likely 10 be LI G 
lee core, Greenland 
lee Sheet 
lee core , Renia nd lee 
Cap 
Birch woodland 
present; none today. 
(Hillaire·Marccl et al .. ODP si te 646: Pollen 
2001) in LIG Lab Sea 
sediments indicate thal 
sou them Greenland 
must have been rree or 
inland ice 
accompanied by dramatic precipitation changes (Koerner, 
2006). Summer temperature is also the most effective 
predictor for most biologica l processes, although season-
a lity and moisture avai lability may influence phenomena 
such as evergreen vs. deciduous biotic dominance (Kaplan 
et al.. 2003). For these reasons, we focus our reconstruc-
tions on peak summer warmth during the LIG , a strategy 
adopted for other time peri ods in the Arctic (e.g the 
Holocene (Kaufman et a l. , 2004), and the past 400 years 
(Overpeck et al., 1997)). Terrestrial climate is reconstructed 
from diagnostic assemblages of biotic proxies preserved in 
lacustrine, peat, a lluvial, and marine a rchives and isotopie 
changes preserved in ice cores and marine and lacustrine 
carbonates. Quantitative reconstructions of climatic de-
panures from the presen t-day are derived from range 
extensions of individual taxa, mutual climatic range 
estimations based on groups of taxa, and ana logue 
techniques. Estimated wi nter temperatures, and hence 
seasonality are weil constrained for Europe, but poor for 
most sectors: likewise, precipitation estima tes a re limited to 
qualitative estimates in most cases, and are not availab le 
for most regions. 
4. Regional summaries (Tables 1 and 2) 
4.1. NW Europe 
Although weil outside of the Arctic, we include the LIG 
in NW Europe because it has the most detai led terrestrial 
reco rd of the LIG (see Kaspar et al. , 2005 for a review of 
sites), where a characteristic and remarkab ly uniform 
vegetational succession characterizes most of the region 
(Zagwijn , 1996; Guiter et al., 2003: Küh l and Litt, 2003). 
Annually 1aminated lacustrine sediments in Germany 
suggest that the LIG persisted for 10,000-12,000 years 
(Mü ller, 1974; Frenzel and Bludau, 1987; Hahne et al., 
1994; Caspers, 1997). Mean July temperatures were 2- 3 °C 
above present in the UK, and about 2 oc above present 
on the continent , with considerable spatia l variabi1ity 
(Aalbersberg and Litt, 1998; Kaspar et al., 2005) The 
widespread occurrence of Hippopotamus and the wa ter 
tortoise Emys orbieu/oris in Britain supports these recon-
structions (Turner, 2000). Boreal spruce forest spread 
north of its Holocene limit, and birch fo rest likely reached 
to the shores of the Arctic Ocean in Finish Lapland 
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Table 2 
Published sites wi th qua ntita tive summer sea surface: tempera ture estima tes for pea k LI G wa rmth from ma rine site~ around the ci rcum·Arct ic. Detail s of 
site location and reconstruc tion techniques a re provided in the references c ited . Some key cites with importan t q ualiw ti ve summer SST infonnation are 
a lso included 
Si te Pro x y l>T("C) l>T ("C) Ppt Reference Ternp. Comments 
Srn r SST W nt r reconstruction 
SST technique 
Svalba rd Mo ll usks, 2 to 2.5 (Mangerud et al., 1998) Faunal range 
fo ramini fera (Mi ller et al. , 1989) ex tensions 
(Sejrup e t al., 2004) 
North Atlantic Foraminifent (McMan us ct al., 2002) 
J PC8: 61•N Planktic fo rams 3 to 4 (Cort ijo et al. , 1999) Modem analog 
NA87-25 52"N Planktic fo ra ms 1 to 2 (Cortijo et al. . 1999) Modern ana log 
CH69-K9 4 I"N Planktic fo rams -1 (Cortijo et al., 1999) Modern ana log 
SU90-03 40•N Planktic forams 0±1 (Cortijo et al., 1999) Modern ana log 
M234 14 53.5"N Plank tic fo rams; up to 2 (Kandiano et al., 2004) Mg/Ca & Faunal 
Mc/Ca 
European Russia Mollusk, 3 to 4 (Funder et al. , 2002) LIG "Boreal 
fo raminifera (Gresfjeld, et al. , 1996, Transgression" 
and refe rences in hrought At lantic 
Svcndsen et al. , 2004) water along Russian 
coast from White 
Se<1 to eastern 
Taimyr. 
West and cent ra l Mo llusk, 4 to 8 (Troitsky, 1964) 
Si beria fo ra minifera, 
(Funde r ct al. , 2002) 
North cm1s t Alaska Moll usks in (Brigham-Gre tle <.~nd Sea icc red uction by 
beaches, isoto pes Hopkins, 1995) HOO km ; Atl:.m tic 
in mollusks, water a t much 
os tn1codes in off sha llower dep ths (30 
shore marine to 50 rn ) th an in the 
sediments; Beach Holoccnc ( > 200 rn). 
morphology 
(Brigham-Grette et al., 
2001) 
(K hirn et al. , 2001) 
Bering Sea Mo llusks, beach (Brigham-Grette und Sea ice did no t occur 
rnorphology Hopkins, 1995) South of Kotzebue 
Arctic Ocean Coccoli ths. (Matthiessen et al., High influx of 
Gatc:wa ys/Mu rgina 1 dinocys ts, bcnthic 2001a , b) Atlantic w;tler 
Seas forams (Matt hiesscn and th rough the Nordic 
PS2 138: 8 1"N Knies. 2001) Sc:as into the Arctic 
PS274 1: 8 1•N (Svendsen et al., 2004) Ocean ; A t !eas t as 
PS2471 : 79"N wann or wam1er 
PS2757: 81 "N than present. Bo real 
moll usks a long 
Russian Arctic coast 
to Ta ïmyr. 
Nordic Seas Plank tic (Scjrup et al. , 1995) 
foraminifc ra 
Non.h Nordic Se;~s Plank tic fora ms < 0 (Bauchet al., 1999) 
Denmark Shelf Benthic forJms 1. 5 to 2 (Seidcnkrantz, et al. , 
2000) 
(Rasmussen et a l. , 
2003b) 
SW Norway Benthic forJms 1 to 2 (Sejrup et al. . 2004) WA-PLS 
great er 
Heat fl ux to Nordic (Fronval ct a l. , 1998) 
Seas 
Central Arc tic Oce:.m Fo raminifer01 , (Spielha gen ct al. , Abondant pl:.anktic 
nanofossi ls 2004) fossil s in Lomonosov 
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(Saarnisto et al., 1999). LIG January anomalies were small 
over most of Europe, but increased 10 the east and north, 
where temperatures 4-7 •c higher than present are 
reconstructed for the LIG (Kaspar et a l., 2005). 
4.2. Russia 
Syntheses of fossil pollen data and other proxy evidence 
have been used to produce continental-scale reconstruc-
tions of vegetation, soil s, and elima te du ring the LIG in the 
Russian Federation (Grichuk, 1984; Velichko el al. , 1991; 
Lozhkin and Anderson, 1995; Velichko el al. , 1998; 
Zelikson el al., 1998). A difficulty with many of the sites 
used in these syntheses is thal sedimenta ry deposition from 
LIG to present is nol continuous, and a LIG age for a 
specifie horizon is largely derived from stratigraphie 
position . Nevertheless, we can surmise with reasonable 
confidence !hat the northern forest ecosystems underwenl 
dramatic poleward expansions (Fig. 2). 
Forests reached the Arctic Ocean coast across most of 
the European sector (Grichuk, 1984; Morozova et al., 
1998). In western Siberia, the boreal forest (e.g., Siberian 
spruce (Picea obovata), Siberian fir (A bics sibirica), Siberian 
stone pine (Pinus sibirica)) was displaced north ward by as 
much as 400 km, and a retie tundra and forest-lundra was 
likely eliminated from the landscape (Arkhipov and 
Volkova , 1994). Southem areas of the conifer-dominated 
forest included broadleaf species (e.g., linden (Ti/ia), elm 
(V/mus). oak (Qucrcus)), which a re characteristic of more 
southern boreal forest today. 
LIG si tes are ra re in Eastern Siberia; consequently, the 
character of LIG climale in this region is nol weil 
documented . Grichuk ( 1984) suggested thal dark conifer-
ous forest possibly ex tended from the Yenisei valley 
castward 10 the middle Lena and Aidan basins during the 
Reference 
(Jakobsson el al., 2003) 
(Svendsen et al., 2004) 
(Rasmussen et al., 
200Ja) 
(Hillaire-Marccl 
et al., 2001) 
(Funder, 1990) 
(Kelly et al., 1999) 





Ridge cores imply 
seasonally o pen 
waters or common 
leads in the eastern 










of Atlantic watcr 
înto coasta l regions 
LIG. Light coniferous forest occupied areas north of 
~64 °N, extending nearly to the coast. A narrow band of 
coastal forest-tundra was limited to the vicinity of the Lena 
delta, conlinuing slightly to the west. 
Forest dominated the vegetation of northeastern Si beria 
du ring the peak of the LIG (Lozhkin and Anderson, 1995). 
Light coniferous forest migrated ~600 km north ward , 
eliminating coastal tundra . The forest also moved a similar 
distance eastward into areas of Chukotka !hat are now 
shrub tundra . Tree birch formed forests in parts of 
Chukotka, representing northward range extensions of 
~1000 (Betula crmam) to ~600km (Betula cajanderi). Like 
today , the interior of Northeast Siberia supported Dahur-
ian !arch (Larix da!turica) forest , but in contrast to the 
modern forest, Siberian spruce, Siberian stone pine, and 
tree aider (A/nus ltirsuta) were also present. The establish-
ment of Siberian spruce and pi ne in the upper Kolyma and 
Indigirka drainages suggesl range extensions of 
700-SOOkm. As compared to the modern vegetation, the 
LIG forests along the northern coast of the Okhotsk Sea 
contained more tree birch and tempera te trees, representing 
range extensions of up to l 000 km. 
The LIG is weil represented in the pollen spectra 
extractcd from a sediment core from Lake El'gygytgyn, 
northern Si beria, within a continuous record of vegetation 
change over the pas! 300,000 years (Lozkhin et al. , 2006). 
Although !arch pollen is absent in the LIG spectra, climate 
reconstructions based On Slatistica[ comparisons 10 modern 
pollen assemblages suggesl thal summer temperatures were 
sufficiently warm to support this tree, which is greatly 
under-represented in pollen records. Such an interpretation 
is consistent with other studies that suggest an extensive 
norlhward displacement of boreal taxa, with open Bctula 
forest-tundra and lArix-Pinus pumila forest established in 
northeastern Chukotka (Lozhkin and Anderson, 1995). 
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Fig. 2. Mean summer (M , J, J) inso lat ion anomalies (W rn-:!) expressed as 
the departure from present at 65"N from 25 ka to present (upper panel) 
and from 140- 11 5k:i (lower panel). The region where summer insolation 
was above present and sea leve! at o r above present is shawn by sol id black 
fil! , whereas the duration or the interglacial , defined as the time when sea 
levd is at or abov~ pr~se nt, is shawn by the hachured box. The larser 
magnitude and duration or the LIG insola tion anomaly relative to the 
Holoccne anomaly resuhs from the combination or a greater LJG 
insolation anoma ly and earl y penultimote deglaciotion. 
Furthennore, it is likely tha t Betula, A/nus, and possibly 
Sa/ix occurred in la rge growth fonns (trees or tree-sized 
shrubs). 
In summary, the LIG plant communities represent 
individual range extensions of as much as 1000 km .The 
western boreal forest contained considerably more birch 
than does the present-day borea l forest and broadleaf taxa 
su ch as hornbeam ( Carpinus) were fou nd north and east of 
their modern d istributions in European Russia . Dahurian-
larch dominated northern borea l forests in northeastern 
Si beria as is the case toda y, but in sorne regions Siberian 
stone pine, Siberian spruce, and tree aider were important 
constituents of the light coniferous forest. 
Climate estimates based on these ftoristic differences 
suggest summer tempera tures 0-2 oc a bave present along 
the present southern boreal forest bell, 5-8 oc higher than 
present across centra l Si beria, and 4-8 oc a bave present in 
NE Siberia. Where winter temperatures can be recon-
structed, almos t a li sites indica te milder temperatures, 
despite reduced wi nter insolation, suggesting reduced sea 
ice more than compensa ted for lower wi nter inso la tion. 
The Lake El'gygytgyn pollen data suggest that maximum 
summer warmth was 2-4 oc a bave present and winters 
were wanner than present (Lozhkin et a l. , 2006). The Lake 
El'gygytgyn record a lso suggests a rapid increase in trec 
and sh rub taxa du ring the earl y part of the LIG, where the 
proportion of trec and shrub pollen ri ses from 10% to over 
90% in a period of what appears to be a few centuries 
based upon the current chronological control. 
4.3. Alaska 
Severa! stratified sites north and west o f modern trec li ne 
in Alaska document the extension of forest into regions 
dominated by tundra throughout the Holocene, although 
LIG ecotonal shifts were not as grea t as fo r the Eurasian 
north . Summer warmth during the LIG is estimated to 
have been 0-2 °C a bave present , but winters were 1-3 oc 
below present. There is a consistent signa l for greater 
moisture at Alaskan si tes, but summer temperature 
increases over present were small compared with other 
sectors; spatial gradients between the interior and the north 
and west may have been shallower. 
Continuous lacustrine sections through the LIG and 
fossils in other LIG deposits show establishment of spruce 
forest at sites in the north and west o f Alaska tha t lie 
beyond spruce limits characteristic of the Holocene, 
although trec line displacements were not as great as for 
the Eurasian north (Brigham-Grette and Hopkins, 1995). 
Sedimentation a t Squirrel Lake, NW Alaska , was contin-
uous from MIS 6 through to the present. Temperature 
estimates using the modern analogue technique on pollen 
assemblages in LIG beds at Squirrel Lake indicate a 
modes! (1-2 °C) increase in mean July temperature 
(Anderson, 2005). The temporal sequence indicates that 
wanning occurred earl y and rapidly and that high moisture 
levels were attained carly in the interglacial. Pollen from 
LIG levels in Ahaliorak Lake suggests that mean January 
temperatures were 1-3 oc cooler and annual precipita tion 
slightly higher than modem (Eisner and Colinvaux, 1990). 
Fossil beetle assemblages from NW Alaska suggest 
summer temperatures simila r to, or 1- 2 °C wanner than 
present, and winter temperatures similar to, or 1-2 oc 
calder than present (Edwards et aL, 2003). In interior 
Alaska, LIG deposits are rel ated to the stratigraphie 
marker of the Old Crow tephra (Hami lton and Brigham-
Grette, 199 1). A LIG forest bed a nd paleosol nea r 
Fairbanks that contains spruce needles and pollen indicat-
ing summers as wann as present also contains spores and 
chemica l weathering characteristics suggesting conditions 
considerably welter than present (Péwé et a l. , 1997; Muhs 
et aL, 200 1). 
4.4. Arctic Canada 
Although tundra remained dominant over much of far 
northern Canada during the LIG , pollen, macrofossil and 
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insect data indicate wanner-than-prcsent summers in the 
Queen Elizabeth Islands (Matthews et al., 1986). Boreal 
forest advanced to the Arclic Ocean coast in the NW of 
mainland Canada (Rampton , 1988) and north of ils 
present position in the Hudson Bay region (Nielsen et al., 
1986; Dredge et al., 1990; Mott and Dilabio, 1990; Wyau, 
1990), changes that require only modest wa nning. ln 
contrast, four stratificd LIG lacustrine sequences from the 
eastern Canadian Arctic that capture the LIG document 
summer temperatures 4-8 oc above present (Table 1). For 
two nearby lakes (Fog, Brother-of-Fog), LIG summer 
temperatures are independently reconstructed from pollen 
and chironomid analyses from the same sediment cores. 
From Fog Lake, pollen indica tes peak LIG summer 
temperatures 3-5 oc above present, whereas chironomids 
indica te 7 ± 2 oc above present. At Brother-of-Fog Lake, 
pollen indicates 3-4 oc warmer, and chironomids indicate 
8 ± 2 oc wanner than present (Francis et al. , 2006; 
Fréchelle et al. , 2006). Collectively, the proxy da ta indica te 
a LIG summer temperature 4-7 oc above present . Pollen 
data a re also available from two other LIG lakes (Amarok 
(Fréchette et al., 2006) and Robinson (Miller et al. , 1999; 
Fréchette, 2005) lakes), both suggesting LIG summers ca 
5 °C wanner than present. A probable LIG site in central 
Baffin Island contains plant and insect remains indicating 
summer temperatures 4-5 oc above present (Morgan et al., 
1993). Shallow-water marine records of probable LIG age 
are common along the Baffin Island coast, and contain 
extralimital southern invertebrates indica tive of a greater 
flu x of Atlantic Water into Baffi n Bay and reduced summer 
sea ice (Miller, 1985), although the chronologies for the 
marine sites a re less certain than for the terrestri al sites and 
SSTs have not been quantified. 
The absence of any ice older than the LIG at the base of 
the larger Canadian ice caps indicates they melted 
completely during the LIG, only to reappear when climate 
deteri orated during the transition into the ensuing glacial 
period (Koerner and Fisher, 2002). Many of these ice caps 
survived the wann ea rly Holocene period but have negative 
balances today and would aga in disappear if the present 
wann period persisted. However, the time to melt ali ice in 
Arctic Canada (severa! millennia) almost certainly is longer 
than that which could be maintained by the effects of 
anthropogenically produced greenhouse gases. 
4.5. Green/and 
Terrestria l LIG conditions over Greenland a re de-
fined from ice-core and biological proxies. A rich and 
diverse assemblage of bryophytes, vascular plants, 
beetles and other in vertebrales from terrestri al and shallow 
marine LIG localities along central East Greenland 
indicate summers 5 oc wanner than present (Bcnnikc and 
Bôcher, 1994). Extensive birch forests are inferred, 
suggesting an ice-free sou them Greenland. Pollen and 
spores from LIG levels in a core from the Labrador Sea 
off SW Greenland also sugges t thal adjacent southern 
Green land was free of in! and icc, with a sub-arctic or even 
tempera te elima te (Hillai re-Marcel et al. , 200 1 ). Extra-
limitai sou thern taxa found in LIG beds at Thule, NW 
Greenland, require summer temperatures at !east 4 oc 
wanner than present (Bennike and Bôcher, 1992; Kelly 
et al. , 1999). 
Two ice cores from Greenland cap ture undisturbed LIG 
layers, NorthGRIP (North Greenland lee Core Project 
members, 2004) and Renland (Johnsen et al. , 2001) , 
although neither extends through the LIG and into the 
preceding glacial period. lee-iso topes in LIG laycrs from 
both cores indicate that the LIG was 5 oc wanner than 
present. The impact of warmer summers on the dimensions 
of the Greenland lee Sheet remains debated . The absence 
of a continuous record of undisturbed ice through the LIG, 
and the discordance between ice isotopes in the older 
portions of cores from DYE-3 and Camp Century relative 
to the benchmark Summit and NorthGRIP cores, suggest 
thal significant reduction in the ice shect may have 
occurred , with both Camp Century and DYE-3 ice free 
in the LIG (Koerner, 1989; Koerner and Fisher, 2002). 
Total gas evidence from Ecmian ice in the GRIP ice core 
indica tes that the Summit region may have been up to 
500m lower than present a t sorne time in the LIG 
(Raynaud et al., 1997). lee-sheet modeling (CufTey and 
Marshall , 2000; Otto-Bliesner et al. , 2006) suggcsts that the 
Green land lee Sheet may have been reduced by as much as 
half its current volume during the LIG, including the loss 
of its southern dome, whereas the northern dome is 
modeled to remain within 700 rn vertically of its current 
elevation (Otto-Bliesner et al. , 2006), implying an ice sheet 
with a much steeper profi le . 
The ice core data has also been used to make a case for a 
relatively stable Greenland lee Sheet through the LIG . LIG 
ice is present in ali dcep ice co res from Green land , and this 
ice has o1"0 values ca 3%o heavier than typica l Holocene 
.5 1"0 values in the same cores (except DYE-3; North 
Greenland lee Core Project members, 2004). This constant 
isotopie offset has been used to suggest thal the ice sheet 
was not dramatically smaller in the LIG than in the 
Holoeene, wi th the southern dome remaining intact 
through the LIG, although somewhat thinner (North 
Greenland lee Core Project members, 2004). Regardless 
of the exact configuration of the Greenland lee Sheet, a li 
interpretations of the iee core data indicate LIG tempera-
tures 5 oc above present. 
4.6. Arctic ocean 
The Arctic Ocean remains the !east understood ocean 
basin; access is difficult and many standard climate proxies 
are compromised by dissolution and meltwa ter overprint-
ing, cspecially in the centra l A retie Ocean basin where even 
the development of reliab le geochronologies has been a 
chall enge (Jakobsson et a l. , 2003; Backman et al. , 2004). 
The LIG is usually identified by a combination of 
coccoliths, low !RD, and increased biological productivity. 
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Direct so lar insolation, river runoff, sea leve!, and the 
intensi ty and pattern of North Atlantic Drift (NAD) inflow 
a re expected to be the dominant determinants of surface 
water characteristics in the Arctic Ocean during the LIG. 
Concerted efforts over the past decade have led to the 
recovery of high-quality sediment cores from the Arctic 
Ocean, and improvements in thei r geochronology and the 
interpretation of environmental proxies extracted from the 
sediment . This has led the way to an emerging consensus 
view of the LIG , especially in the marginal seas, with 
significant improvements in our understanding of the 
central interior (Spielhagen ct al. , 2004). 
A stronger flu x of warm, salty Atlantic water into the 
Arctic Ocean started early in the LIG (Matthiessen et al., 
200lb; Wollenburg et al. , 200 1). This influx led to greatly 
reduced sea ice in the marginal seas (Knies and Vogt, 
2003) , although not ali core si tes support this interpreta-
tion. Site-to-site differences in LIG surface water char-
acteristics may indica te changing trajectories of Atlantic 
Water currents between the Holocene and the LIG, and 
even within the LIG: Additional uncertainties may be 
related to changes in carbonate dissolution rates (see 
discussions in Matthiessen et al., 2001 b) . Seasonal increases 
in primary productivity in ice-free a reas and along 
extensive leads supported a more diverse and abundant 
nano- and micro-fauna (Gard and Backman, 1990; 
Matthiessen et al., 200la; Matthiessen and Knies, 2001; 
Wollenburg et al. , 2001). The increased flu x of Atlantic 
water reduced the vertical stratification over many of the 
marginal seas, allowing Atlantic water to remain doser to 
the surface than in the Holocene. Atlantic surface water 
characterized the Arctic coast of Russia fro m the White 
Sea to eastern Taïm yr, 2000 km farther east and 3-4 •c 
warmer than in the Holocene (Funder et a l. , 2002; 
Gmsfjeld et al., in review; Svendsen et al., 2004). Delayed 
win ter sea ice forma ti on along the Eurasian coast would 
have led to significant wa rming of the wi nter atmosphere, 
despite nega tive winter inso lati on anomalies at that time. 
This may help to explain the maintenance of boreal forest 
far north of its current position across Eurasia during the 
LIG . Conifer trees a re sensitive to ex treme winter cold, 
which would have been mitigated by reduced coastal-zone 
sea ice. 
LIG beaches a long northern Alaska contain southern 
extra limital mollusk taxa indicative of SST 3 •c above 
present, and extensive storm beaches tha t require sea ice 
reduction by 800 km in win ter (Brigham-Grette and 
Hopkins, 199 5). 
Although the status of sea ice over much of the central 
Arctic Basin is still debated. the available data suggestthat 
sea ice remained through the summer in the central basin, 
possibly as far as N E Svalbard throughout the LIG 
(Spielhagen et al. , 2004). On the other hand , relatively 
high concentrations of planktonic fo raminifera and the 
presence of coccoliths in LIG lcvels of cores from the 
Lomonosov Ridge, central Artic Ocean, suggest that 
seasonally open waters or extensive leads characterized 
the eastern and central Arctic Ocean during portions of the 
LIG (Svendsen et al., 2004). 
4. 7. Nordic seas 
Identi fica tion of the LIG is more secure for the Nordic 
Seas than for the Arctic Ocean. Standard marine isotope 
stages can be recognized by di agnostic patterns of o "O in 
benthic foraminifera, although with sorne meltwater over-
printing during the deglaciations (Bauch ct al., 1996: 
Fronval et al. , 1998). supported by the occurrence of 
lcelandic tephra during the LIG (Sjoholm et a l. , 1991), low 
levels of !RD, and increased concentrations of sub-polar 
faunal and floral species reflecting a northward displace-
ment of the Polar Front. Du ri ng the past 150 ka, only the 
Holocene and the LIG show evidence of a strong and 
sustained incursion of Atlantic Water into the Nord ic Seas 
(Kellogg, 1980). Higher LIG SST characterize the Scandi-
navian coast weil into Arctic Russia (Mangerud et al. , 
198 1; Raukas, 1991; Velichko et al. , 199 1; Funder et al. , 
2002) , suggesting warm North Atlantic current close to the 
coast of Norway, extending weil into the Eurasian coast of 
the Arctic Ocean. Cores from the southwestern Nordic 
Seas, along the coast of E. Greenland and western 
Svalbard, south of Jan Mayen, and in northern Baffin 
Bay indica te LIG SST above th ose of the Holocene (Miller 
et al. , 1989: Mangerud and Svendsen, 1992; Sejrup et al., 
1995; Funder et al., 1998; Bauch et a l. , 1999; Kelly et al., 
1999), but this difference is not reflected in many cores 
from the eastern Nordic Seas. An alternative position is 
that Eeman SSTs in the Nordic Seas were lower than 
during the Holocene (Bauch et a l. , 1999). Conflicting 
interpreta ti ons of SSTs in the Nordic Scas during the 
Eemian and Holocene could be rela ted to the manner by 
which different proxies respond to changing water masses , 
within-interglacial variability at millennial- to submillen-
nial-scales that complicates the interpreta tion of low-
reso lution records, or changes in the precise thread of 
warm, salty North Atlantic water as it moved through the 
Nordic Seas into the Arctic Ocean. Although sorne Atlantic 
su rface water was routed through the Baltic into the White 
Sea carly in the LIG, the capacity of this connection was 
not sufficient to have an impact on the general surface 
ci rculation, and isostatic emergence severed the passage ca 
3000 yr into the LIG (Funder et al. , 2002). The evidence 
from the Arctic Ocean (above) necessitates a greater 
dominance of Atlantic water at the surface of the Arctic 
Ocean. This could be accomplished by sorne combination 
of intensified NAD, stronger surface water mixing in the 
Arctic Ocean, or reduced freshwater runoff; an intensified 
flu x of Atlantic water into the Arctic Ocean must have 
come through the Nordic Seas. 
4.8. Sub-polar North Atlantic 
Cond itions in the sub-polar North Atlantic are relevant 
to the transfer of energy between low and high la titudes . 
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orth Atlantic SSTs were stable a nd sirnilar to. or up to 
2 ' C higher than present throughoutthe UG ( Bauch ct al.. 
2000): SSTs warrner than fo r the Holocene are most 
a pparent in the eastern orth Atlantic at ca 50 o The 
strength of deepwater production appears to have been 
similar to present (Adkins ct al .. !997; Hall ct al.. 1998: 
Lchman ct al.. 2002: McManus ct al. . 2002: l:lackman cl al.. 
2004). although there a re few rel iab le quantitative proxies 
o f past deep-water production rates. 
S. Discussion 
5. 1. The A retie at peak LIG warmth 
Ali secto rs of the Arctic register surnmers warrner thao 
present during the LIG, but the magnitude of warming 
ex hibits spatial variability ( Fig. 3). The grea test positive 
summer temperature anomalies occur around the currently 
arctic regi ons of the Atlantic secto r, where summer 
warming was typically 4-6 oc. This anomal y ex tends into 
Si beria, where summer temperature anomalies were 4-8 oc, 
presumably due to the impact of strong inso la tion forci ng 
over a large co ntinent supplemented by the pene tration of 
Atlantic water weil into the Arctic Ocean a long the Russia n 
coast. The anomalies decrease from Siberia westward to 
the European sector (0-2 oq, and eas tward toward 
Beringia (2-4 °C) . The Arctic coast o f Al aska indicates 
warmer SST (3 °C) and co nsiderable summer sea ice 
reduction, but much of interior Alaska registers small 
anomalies (0-2 °C) that probably ex tend into western 
Canada, although quantitative data to evaluate this trend 
is scarce . ln contras!, northeastern Canada and Greenland 
register summer temperature anomalies of at !east 5 °C. 
The Arctic Ocea n records grea ter advection of warm. sally 
Atlantic water through the No rdic Seas, altho ugh Atlantic 
water did not domina te surface waters of the central Arctic 
Ocean. Surface waters were warrner in the LIG tha n at any 
time in the Ho locene in Baffin Bay a nd a lo ng the no rth 
coast of Alaska. whe re sea ice was also much retrac ted . 
Precipitation and winter temperatures a re more difficult 
to reconstruct for the LIG than a re summer temperatures. 
ln no rtheas t Euro pe, the la ter part o f the LIG was 
characterized by a marked increase in winter tempera tures. 
A large positive win ter temperature anomal y is seen also in 
Russia a nd western Siberia, a lthough the timing is not as 
weil constrained (Troitsky. 1964: Gudina c t al.. 1983: 
Fundcr ct al.. 2002). Preci pitation is more difficult to 
qua ntify, but most secto r with qualitative estimates 
indicate wetter co nditions than in the Ho locene. 
Despite sorne uncertainty in the SSTs of the Nordic Seas 
during the UG, the genera l consensus is that the re mus t 
have been a greater flux o f Atlantic water through the 
No rdic Seas into the Arctic Ocean. The precise path this 
flow followed may have difTered from the present route, 
especially early during the LIG when the marginal shelves 
had yetto recover fro m isostatic depression under the MIS 
6 ice sheets. From the pa ttern o f LIG SSTs. the eastern 
branch of the No rwegian Current intensified and reached 
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the White Sea region already a few centuries into the LIG 
(Mangcrud et a l. , 1998; Gr0s f) eld et a l. , in review). The 
western branch may have fo llowed a path diffe rent than 
present , but reached the East Greenland coast ea rly in the 
LJG (Funder et a l., 1998). As isosta tic recovery progressed , 
the trajecto ry of the NAD likely evolved through the LIG . 
The increased poleward transfer o f Atl antic water implies a 
la rger production of deepwater, currently estimated to be 
about 15 Sv ( I06 m's- 1), but no quantitati ve LIG estimates 
a re available. Alternatively, the greaier influx of Atlantic 
water may have been countered by a greater outflow of 
surface wa ter from the Arctic Ocean, which could have 
changed the position of the Polar F ront in the Nord ic Seas 
(Fronva l et a l. , 1998). 
Severa l sites suggcst that the tra nsition into the LIG was 
rapid , with peak warmth early in the interglacia tion _ 
Although no t a li Arctic LJG sites offer sufficient resolution 
to evalua te the pattern o f warming du ring the LIG, those 
that do exhibit rapid wa rming to a peak temperature near 
the beginning of the LIG . The pattern of rapid initia l 
warming, followed by slow cooling is mirrored in a li four 
Anta rctic ice co res that sample the LIG (Byrd , Vostok , 
D ame Fuji , and Dame C (Johnsen et a l.. 1972; Petit et al. , 
1999; Watanabe et a l. , 2003; EPICA Community Mem-
bers, 2004), despite negative summer insola tion forcing in 
the Southem Hemisphere a t this time. The apparent 
conco rd ance of Antarc tic ice co re and Northern Hemi-
sphere summer temperature reco rds suggests tha t the 
oceans may have transferred Northern Hemisphere 
warmth into the Southern Hemisphere. 
5.2. Why was the LIG in the A retie so warm? 
Arctic summers during peak LIG warmth were 5 oc 
a bove present over most of the region, considerably higher 
than during the Holocene thermal maximum (Kaufma n 
et a l. , 2004) . The pattern and magnitude of LIG summer 
temperature anomalies in the Arctic is la rgely rela ted to 
four phenomena: (1 ) strong summer inso lation forcing, (2) 
optimal phasing of penultimate deglacia tion in rela tion to 
the orbita lly controlled insola tion maximum, (3) increased 
meridional heat transport through the Nordic Seas into the 
Arctic Ocean, and (4) strong positive feedbacks associated 
with changes in sea ice, land ice and snow caver, and the 
poleward expansion of boreal fo rests. 
A strong positi ve summer insola ti on anomaly across the 
No rthern Hemisphere through the fi rs t half of the LIG is 
the dominant fo rcing that explains the observed Arctic 
warmth . Average LIG summer (M. J , J) inso la tion 
anomalies are positive in the Arctic from ca 138 until ca 
121 ka , with anomalies between 131 and 127 ka much 
larger than a t any time in the Holoccne (Fig. ! ). Peak LIG 
summer insola tion a t the top of the a tmos phere across the 
Arctic (60-90 °N) was ca 13% higher th an present, whereas 
it was ca 9% higher a t the peak Holocene anomaly, Il ka 
(Fig. 4). ln most regions, LIG summer temperatures were 
weil above those o f the Holocenc thermal maximum, 
consisten t wi th grea ter LI G inso la tion forcing. However, 
the reconstructed therma l respo nse of the Arctic at peak 
Holocene insola tio n fo rcing Il ka (CAPE Project Mem-
bers, 200 1 ), and a t the ice-volume mi nim um 6 ka (Bigelow 
et a l. , 2003) was, by com pariso n, muted . Tree li ne advances 
were modest and rela tivcly short-lived in most secto rs, a nd 
tem peratu re anomalies a t the Ho locene thermal m aximum 
were also modest (ca 1.6 oc; Kaufman et a l. , 2004). 
The weaker therma l response o f the Arctic in the 
Holocene is onl y partly explained by the insola ti on 
a nomaly diffe rences; phasing of deglaciati on a Iso must be 
important. A rigo rous evalua ti on of a li u ranium-series 
dates on corals from stable pla tfo rms confirms tha t sea 
level reached modern levels (glo bal ice volume simila r to 
present) by 130±2 ka (summa rized in Overpeck et al. , 
2006). LIG summer (M . J ,J) insola ti on a t the top of the 
a tmosphere peaked between 131 a nd 127ka (Fig. ! ). 
Because the penultimate (MIS 6) ice sheets disappea red 
(sea level a t or above present) by 130 ka, the full magnitude 
of the summer insola ti on anoma l y was avail a ble to hea t the 
N orthern Hemisphere, ra ther than to melt residua l ice 
sheets. This contrasts wi th the H olocene, when peak 
Northern Hemisphere inso latio n occurred 5 ka bef ore the 
N orthem Hemisphere ice sheets had melted and sea leve! 
a tta ined modem levels (6 ka; Fig. 2). Consequently, du ring 
ca rly Holocene peak summer insola ti on, much of the 
insola ti on anomaly was consumed in the melti ng of 
residual ice sheets, rather tha n heating the land/ocean/ 
a tmosphere, dampcning the climate response to insola tion 
fo rcing (Koerner, 1989; Bigelow et a l. , 2003; Kaplan e t a l. , 
2003; Vavrus and Harrison, 2003). By the time sea level 
reached present in the Holocene (6 ka), the high la titude 
N orthern Hemisphere sum mcr (M . J , J) insola ti on 
anomaly was ca 15 wm - 2, whereas a t the comparable ti me 
in the LIG ( 130 ka) it was ca 45 wm- 2, three times as la rge. 
Changes in oceanic surface currents may explain some of 
the LIG spati a l va riability across the Arctic. Although the 
insola ti on anomaly is symmetric a bout the Arctic, the 
expansion of fo rest eco tones no rth of their northernmost 
Holocene limits is most pro nounced in Eurasia, and less so 
in Alaska, and central a nd northwestern Canada . A 
plausi ble explanation for th is asymmetry is the increased 
fl ux of warm Atlantic surface waters north ward around the 
Eurasian Arctic. Atlantic wa ter along the Arctic coas t of 
Russia would have limi ted the forma ti on of sea ice, 
minimizing extreme winter cold , which is a strong deterrent 
to po lewa rd expansion o f evergreen trees. The fl ux of 
Atlantic water may have also influenced elima te by steering 
relati vely wam1 air masses into the Eurasian North . 
The magnitude of LI G summer warm th observed across 
the Arctic is not mirrored by compa rable warmth at lower 
N orthern Hemisphere latitudes , despite similar fo rcing. 
Peak LIG summer inso la tion anomalies averaged only 
sli ghtl y below the Arctic (60-90 °N) va lues a t low (0-30 oN; 
20% less) and mid (30-60 oN ; 10% less) lati tudes. 
Although hemispheric sum maries of LIG summer tem-
perature anomalies have no t been compi led, the avai lable 
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Insolation Anomalies from Present 
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Fig. 4. lnsolation anomalies expressed as a percentagc deYiation from present for the mon ths of April (blue), May (red), June (yellow), and July (green), 
plotted against Nort hem Hemisphere latitude every 3 ka from 130- 115 ka , showing the cYolution of the insolation anomuly through the LIG. and it s 
lalÎtudinill gradient (data from Berger and Loutre, 1991). 
records sugges t tha t peak LIG warmth at mid- and low-
la titudes in the Nort hern Hemisphere was between 0-2 oc 
above present. 
TI1e greater thermal response o f the Arctic in the LIG 
than at lower lati tudes cannat be explained easil y by the 
modest latitudina l gradients of LIG summer insola tio n 
forcing (Fig. 4) . The mos t likely explanation for thi s 
discrepancy is the strong positive feedbacks associated with 
reduced sea icefs now caver and the expansion of boreal 
forests. Increased summer insolation and the poleward 
transport of heat by ocean currents led to reduced sea ice in 
the Arctic Ocean and ils marginal seas. Positive feedbacks 
associated with reduced sea ice in both summer and win ter 
would have amplified primary insolation forcing. The 
replacement of tundra with boreal forest across much of 
the Arctic landscape would have decreased ils a lbedo, 
providing another strong positive feedback tha t would 
amplify Arctic warming (Chapin et al., 2005; Serreze and 
Francis. 2006). 
We postul a te thal the cumulative effec t o f positive 
feedbacks from reduced sea ice. reduced permanent la nd 
ice, red uced seasonal snow cover and the ex pa nsio n of 
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boreal forests northward, coupled with increased meridio-
nal hea t transport by oceanic surface currents and the 
atmosphere, amplified the modest LIG summer insola tion 
grad ient to produce the substa ntia lly stronger them1a l 
response seen in the Arctic relative to lower latitudes in the 
Northem Hemisphere. Climate modeling of the LIG also 
underscores the importance of snow, icc and vegetation 
feedbacks that amplify inso lation-driven Arctic warmth 
(Crucifix and Loutre, 2002; Otto-Biiesner et al., 2006). 
6. Conclusions 
Quantitative reconstructions of LIG summer tempera-
tures suggest that much of the Arctic was 5 •c warmer 
during the LIG than at present, and that this warming 
occurred rapidly and reached peak warmth during the 
earliest portion of the interglaciation. Arctic sea ice was 
reduced to a grea ter extent in the LIG than du ring the earl y 
Holocene due to both greater summer inso la tion and the 
larger flux of relatively warm Atlantic surface water into 
the Arctic Ocean during the LIG than at any time in the 
Holocene. Changes in surface ocean characteristics infl u-
enced the planetary energy balance through ice-albedo 
feedback; reduced winter sea ice and increased ventilation 
rates impacted climate over adjacent lands, especially in 
win ter. The magnitude and spatial grad ients of LIG Arctic 
summer temperature anomalies are related to the timing 
and magnitude of the orbitally contro lled summer insola-
tion anomaly in conjunction with optimal pnasing of 
penultimate deglaciation, increased meridional heat trans-
port through the Nordic Seas into the Arctic Ocean, and 
strong positive feedbacks associa ted with reduced land ice 
and snow, retraction of sea ice and expansion of borea l 
forests. · 
Pola r amp lification of climate change is predicted by 
most climate models. However, the observational records 
of 20th century warming are not in perfect accord with 
mode! projections , an observation that has fed a lively 
debate (Serreze and Francis, 2006). During the 20th 
cen tury, the planetary temperature increased O.?"C, 
whereas most regions of the Arctic record warming of 
1-3 •c over the same interval (Serreze et al., 2000). But , 
most of the wamling occurred in summer months , whereas 
mode! projections indicate winter warming should dom-
inate. The paleoclimate record is more direct. The average 
planetary temperature depression during the peak of the 
last glacia l maximum (ca 20 ka) is general! y estimated to be 
6 to 8 •c, whereas Arctic coo ling, as measured by borehole 
temperatures in the Green land lee Sheet, was ca 25 •c 
(Cuffey et al. , 1995; Dahi-Jensen et al., 1998) . Our 
reconstructi ons of LIG Arctic warmth show similar 
anomalies, wi th su mm ers ave raging 5 •c warmer than 
present across most of the Arctic, whereas the Northern 
Hemisphere average summer temperature is estimated to 
be on! y 0-2 ·c warmer than present, despite similar 
insolation forcing . These discrepancies are consistent with 
strong positive feedbacks in the Arctic that amplify 
primary insolation forcing. 
A quantita tive assessment of LIG Arctic summer 
temperatures informs projections of future greenhouse 
warming. Although LIG summer warmth is primarily the 
result of a peak summer insolati on anomal y, the responses 
of land and sea ice, and vegetation, may have provided 
feedbacks thal not only amplified summer warmth, but 
also contributed to wintcr warmth, counteracting, in part, 
negative forcing from negative winter insolation a nomalies 
(Fig. 1). In contrast, projec ted greenhouse forcing does not 
exhibit seasonality and is pred icted to increase both winter 
and summer temperatures. Warmer winters would con-
tribute to the poleward migration of coniferous forest, and 
via ea rlier spring mel ting, accelerate summer snow and ice 
mel ting (Guetter a nd Kutzbach, 1986; Cha pin et al., 2005) . 
Thus, the pattern of wam1ing may differ in the coming 
decades from those observed in the LIG. However, the 
st rong them1al response of the Arctic to primary summer 
insolation forcing during the LIG suggests that future 
Arctic changes related to the continuing build up of 
greenhouse gases are likely to be much larger than at lower 
latitudes. 
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